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ABSTRACT 
The direct non-destructive measurement of the radiation absorbed dose in three 
dimensions is considered to be technically difficult. Accurate determination of the spatial 
distribution of absorbed dose plays an important role in many applications particularly in 
medicine. In radiotherapy computer calculations are frequently used to estimate three- 
dimensional dose distributions in complex geometry, hence a practical dosimetry system 
able to provide three-dimensional (3-D) integrated measurements is highly desirable for 
verifying such dose predictions. Magnetic Resonance Imaging (MRI) has been used to 
visualise 3-D dose distributions, inside two different detector materials, namely the ferrous 
sulphate gel (Fricke gel) and the polymer gel system. Each of these procedures has its own 
drawbacks and limitations, and this research project sought to find improvements and 
alternatives to overcome these problems. 
Work on the Fricke gel led to an improved preparation procedure employing gelatin 
gel whose lower melting point reduces the possibility of dissolved oxygen loss. The role of 
each component was clarified which led to the omission of all unnecessary chemicals such 
as the sodium chloride and benzoic acid. Initially MRI was the only 3-D readout technique 
available, however simple relaxometry was used to characterise the detector quantitatively 
with each modification before employing an MRI scanner to obtain images. Optimisation 
of the active constituents saves time and effort, and minimises the cost of equipment as 
well as materials. A serious drawback of the Fricke gel is ion diffusion, which causes 
blurring of the recorded spatial distribution and much effort was given to attempts to 
reduce this. However it was concluded that it is possible to slow down ion diffusion but at 
the cost of detector sensitivity. Therefore the best way of dealing with this problem is by 
introducing a fast readout technique so that the dose distribution can be recorded before 
serious diffusion blurring has occurred. 
The polymer gel system normally includes acrylamide but this was avoided for 
safety reasons. In order to resolve the dissolved oxygen problem which makes the 
preparation and storage of the dosemeter difficult a modification was proposed by which 
oxygen would interact with other chemicals and not with the monomers in this type of 
dosemeter. However, research in this direction was halted as attention turned to 
manufacturing a convenient, safe, highly sensitive and reliable radiochromic gel detector 
based on a modified version of the Fricke dosemeter. This material turned out to be 
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extremely transparent which led to the construction of a simple, inexpensive optical 
tomography imaging device capable of very fast readout. 
A radiochromic gel dosemeter, in which ionising radiation causes a colour change in 
the visible wavelength region, was produced by modifying the conventional Fricke gel 
dosemeter. The roles of the three active components in the Ferrous sulphate Xylenol 
orange Gelatin (FXG) gel dosemeter were quantified with special consideration given to 
their effect on the system sensitivity and stability. Optimal composition was found to be 
0.5 mM ferrous sulphate, 0.1 mM xylenol orange and 25 mM sulphuric acid. The dose 
response is linear in the range 0.1 to 30 Gy. Its sensitivity was found to be AA = 0.084 cm 1 
per Gy, where A is the optical absorbance measured at a wavelength of 585 nm. Radiation 
induced colour changes varied by less than 5% over 24 hours providing that samples are 
stored in a cool dark place such as inside a refrigerator. 
An optical tomography scanner with a parallel light beam and a CCD detector was 
designed, built and used to interrogate cylindrical samples of FXG. The final version of the 
scanner can cope with samples up to 10 cm in diameter limited by the width of the light 
beam. A maximum of 512x512 pixels per slice images were possible, however readings 
from neighbouring CCD channels were averaged together to yield a cross-sectional image 
on a 128x128 array. Each 3-D optical data set consists of 402 2-D projections each 
averaged from 10 CCD frames. Slice thickness as small as 0.14 mm can be achieved in this 
case, which is much narrower than the typical MRI value of about 6 mm. The time to 
acquire a stack of a 100 cross-sectional images with a resolution of 128x128 pixels per 
slice is about 20 minutes. This can be compared with the few minutes required to acquire a 
good quality image of a single slice by MRI. The 3-D imaging performance was tested 
with collimated X-ray beams which gave encouraging results. 
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Chapter 1 
INTRODUCTION 
1. Dosimetry and Dosemeters 
Radiation dosimetry is the branch of radiation physics that deals with the 
determination of absorbed dose resulting from the interaction of ionising radiation with 
matter (Attix, 1986). Measuring or calculating this quantity, as well as any other 
radiologically relevant quantities such as exposure, kerma, fluence, dose equivalence, 
energy imparted and so on are referred to as dosimetry. Absorbed dose is the quantity 
commonly measured, and then some other quantities may be derived from it through 
calculations. Accordingly, the absorbed dose, which is by definition the energy imparted 
by ionising radiation into a unit mass of irradiated material at a point of interest, is the most 
important quantity in radiation dosimetry. A dosemeter could be defined as any device that 
is an instrument or a material capable of providing a reading which is a measure of the 
absorbed dose deposited in its volume by the ionising radiation field (ICRP-35,1982). The 
dosemeter and all associated reference standards as well as the method of deriving the 
absorbed dose are usually described as a dosimetry system (ASTM-E 1707,1995). Such a 
system must meet a number of requirements depending on the dosimetric problem under 
investigation and the dosimetric protocol applied for achieving the aims of such analysis. 
Many physical, chemical and biological systems have been studied and used for the 
purposes of radiation detection and radiation dose measurements. Radiation dose can be 
derived from any well-characterised quantitative radiation-induced changes in an 
appropriate medium. One of these systems is the air-saturated ferrous sulphate in sulphuric 
acid solution, which is called the `Fricke dosemeter' after Hugo Fricke who first published 
an account of its properties in the late nineteen twenties (Fricke, 1927), (Fricke, 1929). The 
Fricke chemical system is based on the oxidisation of an aerated ferrous sulphate solution 
by free radicals and highly reactive molecules resulting from the interaction of ionising 
radiation with water. Originally Fricke determined the amount of oxidation by chemical 
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titration methods. Later on, the amount of ferrous ion disappearing was determined 
colorimetrically by means of the 0-phrenanthroline complex. Another notable advance in 
terms of convenience occurred when Hardwick pointed out that the quantity of ferric ion 
formed could be accurately determined by direct measurement of the optical absorbance of 
the solution with an ultraviolet spectrophotometer at the wavelengths 224 and 304 nm 
(Hardwick, 1952). At these wavelengths the absorption of ferric ion in sulphuric acid 
environment has a maximum, while the absorption of ferrous ion is negligible. H. Fricke 
and E. J. Hart extensively reviewed the Fricke chemical dosimtery system, its 
development, characteristics and applications in 1966 (Fricke and Hart, 1966). 
2. Three-Dimensional (3-D) Dosimetry Systems 
A dosimetric system that can precisely measure radiation dose variation in three 
dimensions with high spatial resolution is demanded for various applications. One obvious 
example is radiotherapy treatment planning dosimetry, where it is essential to assess and 
measure the absorbed dose accurately in order to achieve a successful treatment. In 
practice, because of the complexity of the treatment procedures and the use of 
sophisticated irradiation facilities, most of the information required is obtained through 
complex computational methods. Such techniques are usually very time consuming and 
need very accurate calibration. Also the theoretical calculations and computer simulations 
are unlikely to have absolute accuracy and they might be susceptible to human errors and 
unexpected problems. Therefore, in all 3-D dosimetry investigations the prime objective 
was to find practical systems that can measure non-invasively, non-destructively and 
accurately the dose distribution in three dimensions with sub-millimetre resolution. Such 
measurements would be valuable in their own right and they could also be used to check 
that the predicted dose distributions for computationally controlled photon beams are 
achieved in practice. One of the main aims of treatment planning in radiotherapy is that the 
absorbed dose distribution inside the target volume must be within closely specified limits 
to ensure complete destruction of malignant cells. It is also important that very steep dose 
gradients are achieved at the boundaries of the irradiated region to protect healthy 
surrounding tissues. Accurate absorbed dose measurement is an essential factor to attain 
these objectives. The dosimetry approach presented here is aimed at obtaining a complete 
3-D dose distribution inside a tissue equivalent material sensitive to radiation which can 
form part of a phantom to imitate the tumour volume in size, shape and/or composition. 
The method utilises high-resolution tomographic imaging methods capable of mapping 
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complex dose distributions such as those applied in conformal radiotherapy, using suitable 
materials in which radiation effects can be visualised and quantitatively measured. 
In summary radiation dose measurement is an integral part of all radiation treatment 
procedures. An accurate dosimetry protocol helps not only in ensuring a high probability of 
short term success in radiotherapy but also helps to improve the health outcome for people 
undergoing this kind of treatment. Hence the objective of radiation therapy is always to 
deliver sufficient dose to the tumour while minimising both short and long-term risks. 
Carefully planned radiotherapy procedures must always consider the twin objectives of 
delivering adequate radiation energy to the tumour target, and at the same time keeping the 
exposure of the surrounding normal tissues as low as possible. 
3. Research Project Outline 
At the start of this research programme only two systems had been proposed for 3-D 
dosimetry, namely the ferrous sulphate gel (Fricke gel) and the polymer gel. Magnetic 
resonance imaging was the only available readout technique for these materials capable of 
providing a 3-D map of the absorbed dose distribution. Each of the above mentioned 
dosemeters was reported with many different formulations and hence they exhibited 
different characteristics. Practical problems that limit wider exploitation of these systems 
were also starting to emerge. 
The main objective was to develop a practical 3-D dosimetry system that could be 
made available for non-specialists to use, which in turn should lead to a wider range of 
applications. This could be achieved either by modifying the currently known detectors 
and readout methods or possibly by seeking different approaches. The early phases of this 
project focussed on a detailed examination of the two gel systems existing at that time, 
with the broad aims of simplifying their production methods, and understanding their 
limitations, seeking practical solutions for the problems each method suffers from. 
However, interest shifted to a completely new direction during development of a new 
radiochromic gel. The initial objectives at this stage were to vary the gel composition to 
clarify the role of each constituent in order to determine the optimum concentration for 
each chemical component in the system, as well as developing a simple and reliable 
manufacturing method. The very high transparency of this gel suggested an optical version 
of computer tomography as the readout method which exploits radiation induced optical 
changes in the gel. Practical implementation of this type of gel together with a method of 
readout offers a complete 3-D dosimetry system. Although it would be possible to use 
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magnetic resonance imaging (MRI) to read out the dose distribution in a radiochromic gel, 
the optical computer tomography (OCT) approach is simpler, faster and much lower in 
cost. In order to test out these possibilities the final part of this work was given over to the 
design, building and testing of a broad beam optical tomographic scanner based on 
conventional light sources. 
4. Thesis Layout: 
After a brief introduction to dosimetry, dosemeters and three-dimensional dosimetry 
systems, general background on the materials used and measurement methods utilised in 
the development of a practical 3-D dosimetry system are discussed in chapter 2. Chapter 3 
describes two systems suggested for measurement of absorbed dose distribution in three- 
dimensions. Both the Fricke gel and the polymer gel systems have been characterised and 
some recommendation made to facilitate their deployment. An improved understanding of 
the capabilities and limitations of each of these systems was gained in the quest for a 
practical 3-D dosimetry system. Chapter 4 contains a detailed description of work to 
develop and optimise a gel containing a version of the Fricke dosemeter which is modified 
by the addition of xylenol orange ion indicator. This change has the important effect of 
moving the radiation induced absorption band into the visible region which greatly 
simplifies readout. Chapter 5 describes the development of an optical tomography readout 
system whose three-dimensional dose imaging performance is illustrated with collimated 
X-ray beams. Finally, chapter 6 gives the conclusions from this research project together 
with some suggestions for further work 
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Chapter 2 
GENERAL BACKGROUND AND PRACTICAL 
CONSIDERATIONS 
1. Introduction 
Measuring the spatial distributions of radiation absorbed dose requires a measuring 
tool that is an instrument or material sensitive to the radiation energy, which is called a 
dosemeter. Also needed is a method of measurement, which usually differs from one 
material to another and from one measured quantity to another. In general the dosimetry 
medium together with the readout method is described as a dosimetry system. A dosimetry 
system therefore consists of the detecting devices or dosemeters plus the related data 
collection and processing instruments required to estimate the absorbed dose and other 
related quantities (ASTM-E 1707 ", 1995). 
Proposing a new dosimetry system requires a good understanding of the materials of 
interest and the radiation induced reactions involved, and a methodology to manufacture, 
characterise and use this system. On the other hand developing an existing technique needs 
full knowledge of the theoretical and practical aspects of the original system in respect of 
its properties, advantages and disadvantages. A good basic understanding of the technique 
is required in order to select the optimum parameters from which reliable absorbed dose 
measurements can be obtained. 
Gel dosimetry systems developed for spatial dose distribution measurements are 
generally based on chemical reactions initiated by ionising radiation. However, there are 
number of properties that a material should possess to be accepted as a practicable 
chemical dosimetry system. Its sensitivity should be good enough for the sort of 
application the dosemeter is being developed for, in other words the change brought about 
by the radiation field should be big enough to be accurately measured. The dosemeter 
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reading should be adequately reproducible and stable both before and after the dosemeter 
is used. The slower the changes in the dosemeter reading before irradiation the better, and 
in contrast the faster the changes after irradiation the better. The dosemeter should also 
show as little dependency as possible on the radiation dose rate, radiation quality and 
changes in the ambient conditions, such as temperature, humidity, atmospheric pressure 
and light. Linearity of the dose response, simplicity of dosemeter preparation and analysis 
of the dosemeter readings are also desirable features. The dosemeter material should be 
tissue equivalent, safe to use, ' commercially available, and' preferably low in cost. 
After brief consideration of various dosimetric techniques this chapter goes on to 
introduce the materials used for developing a practical system for three-dimensional 
dosimetry; irradiation facilities and methods of readout are also considered. Groundwork to 
establish an effective methodology to enable us to carry out this research project and the 
basic theoretical principles that govern the techniques implemented are discussed. Two 
different approaches were used to study and characterise materials under investigation, one 
is an optical method and the other is based on nuclear magnetic resonance (NMR). 
2. Common Methods of Dosimetry 
There are three basic dosimetry techniques which are capable to differing extent of 
providing absolute measures of ionising radiation absorbed dose, namely calorimetry, 
chemical dosimetry, and ionisation chambers. The first method is a primary standard while 
the latter two are considered as secondary standard dosemeters (ASTM-E 1261,1995). 
Chemical dosimetry is the method on which most dosimetry systems used for 3-D 
dosimetry are based and therefore it will be the main subject for discussion throughout this 
work. Other routine dosimetry methods, such as thermoluminescence dosimetry (TLD), 
solid state dosimetry or photographic films can in various degrees be used for 2-D 
dosimetry but are not suitable for three-dimensional measurements and will not be 
considered further here. 
2.1. Calorimetry 
Calorimetry is a fundamental method of measuring absorbed dose. It gives direct 
measurements of the absorbed dose via thermal effects. Calorimetry usually requires 
precise knowledge of the temperature changes in the absorber material. However the 
method has some intrinsic disadvantages that limit its use in normal practice. It is a very 
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insensitive method and is normally employed in standards laboratories only. Such 
equipment is not commercially available and is not readily portable. Since it takes time for 
any calorimeter to reach thermal stability after being set up for use, they are considered to 
be slow to operate. For all these reasons, the calorimetry method is normally restricted to 
source standardisation or some research applications (NCRP-69,1981), (ICRU-14,1969). 
2.2. Ionisation Chambers 
Gas-filled ionisation chambers have been widely used for measuring absorbed dose 
via knowledge of the W-value of the fill-gas. Associated equipment can be simple, portable 
and many types are commercially available. The method can be used over a wide range of 
dose rate by suitable choice of chamber volume, gas pressure and sensitivity of the 
ionisation current measuring circuit. Ionisation chambers may be affected by 
environmental factors, and usually only provide the average value of the dose over a 
substantial volume so their spatial resolution is poor. Also for some applications the 
detector materials do not match well with media of great importance in dosimetry such as 
soft tissues (Greening, 1985). 
2.3. Chemical Dosimetry 
Absorbed doses of ionising radiation can be measured using certain radiation induced 
chemical reactions in specific materials. These reactions need to fulfil certain criteria 
before being used as the basis for radiation dosimetry. The radiation chemical yield G(x) of 
a certain reaction product x must be stable and accurately determined (ICRU-17,1970). 
Many chemical dosimetry systems have been studied in the past and one very successful 
example is the aqueous ferrous sulphate dosemeter called the Fricke dosemeter (Fricke and 
Hart, 1966). The Fricke dosemeter has recently become the basis of one of two major 
techniques developed for 3-D dosimetry (Day, 1990), (Maryanski et al., 1994). Details 
about these two methods will be discussed in chapter three. 
3. Basic Effects in Radiation Chemistry 
The chemical effects of ionising radiation follow the initial physical interaction and 
what happens in between these two stages is a complicated process that ends with 
production of certain ionised or excited species. This process occurs quickly in less than 
10"15 of a second along the track of the incident radiation and a thermal equilibrium is 
usually reached within a time span of less than 10.12 seconds (Spinks and Woods, 1976). 
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The final chemical interaction products can then be analysed and if found to be useful 
could be recommended for suitable applications. Ionisation and excitation are the two basic 
processes that have considerable importance in radiation chemistry. Free radicals usually 
result from both ions and excited molecules or atoms, and free radical reactions are the key 
step in many radiation-induced chemical reactions. In the following sub-sections three 
basic processes ionisation, excitation and free radical production are described. 
3.1. Ionisation 
The formation of ions happens generally when an atom or molecule loses one or 
more of its electrons. Ionisation may cause some molecules to change, within a short 
period of time _10"12 sec., into ions and free radical fragments. Ionisation processes are 
very well studied in the case of gases and the average energy required to produce an ion 
pair, W, is very well determined (Mozumder, 1999). The W value is generally found to be 
about twice the first ionisation potential of the gas atom or molecule under investigation. 
However, in the case of solutions, which have greater ionisation density, W cannot be 
determined precisely but the indications are that W is of the same order of magnitude as its 
value for the gases. In some solids ionisation can increase the conductivity of the materials, 
and in the case of polymers and other organic substances W is inbetween that for the 
crystalline solid and liquid forms. After the ions are formed by irradiation they usually 
interact with the surroundings by one or more of the following processes: charge transfer, 
formation of ion clusters, interaction with other molecules, rearrangements, neutralisation, 
and finally electron addition (Wilson, 1974). 
3.2. Excitation 
Ionising radiation could cause excitation either by direct interaction with the material 
electronic structure or as a result of charge recombination reactions. Excitation may result 
from one or more of the following four mechanisms. Collision or direct hits, non-radiative 
resonance and through excitation energy transfer. Energy transfer from one molecule to 
another is the more important method when excitation occurs in solid crystals and large 
polymeric molecules. Excited molecules lose energy either by fluorescence, internal 
conversion, by some type of molecular rearrangements or by decomposition to produce 
free radicals (Wilson, 1974). 
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3.3. Free Radical Generation 
The production of free radicals usually takes place when a covalent bond is broken 
and each of the two resulting molecular fragments takes one bonding electron. In radiation 
chemistry, it is known that both ions and excited molecules are able to produce free 
radicals. Direct effects of radiation on bulk or solid materials usually produce the same 
amount of free radicals as in solutions. However, indirect reactions through recombination 
of other products like ions and excited molecules become more important mechanisms in 
low concentration solutions (Wilson, 1974). 
Free radicals may interact with each other or with solute molecules in a chemical 
solution. Self-interactions are more probable at low concentration, and, as the chemical 
concentration increases, the probability of this type of reaction decreases until a point is 
reached when almost all radicals react with the solute molecules. Free radicals produced by 
ionising radiation in aqueous solutions usually result from removing a hydrogen atom from 
a water molecule (Wilson, 1974). Generally speaking free radicals are unstable products 
because they contain unpaired electrons, which make them chemically very reactive. 
Therefore they may recombine quickly to pair up their electrons with each other or with 
other species. Alternatively, they may lose the spare electron through electron transfer 
reactions or may be involved in reactions that produce more stable radicals. Free radicals 
are usually described as electron acceptors or electron donors depending on their readiness 
to gain or lose electrons (Mozumder, 1999). 
Radicals produced by irradiation initially exist in high local concentration along the 
tracks of charged particles and therefore the probability of their interacting with each other 
is high; this is particularly true for high Linear Energy Transfer (LET) radiation. The most 
common reactions of free radicals are electron transfer, recombination, addition, 
decomposition and rearrangement (Wilson, 1974). 
4. Materials of Special Importance 
A 3-D dosemeter is usually made with an aqueous gel system consisting mainly of 
water; therefore the quality of the water content is important. The second essential 
materials are the gelling agents, which stabilise the detector medium and preserve the dose 
spatial distribution. Although these two materials make up 94 - 99% of the dosemeter 
volume, their main function is to work as a host to other radiation sensitive substances and 
also to facilitate some radiation induced chemical reactions. 
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4.1. Water 
In the Fricke chemical dosimetry system, high purity water is required for accurate 
measurement of absorbed dose; triply distilled water was recommended to make the 
original Fricke solution. An established general guideline was that chemical dosimetry 
systems based on inorganic chemical reactions are sensitive to organic impurities while 
aqueous organic systems are sensitive to inorganic ions, especially the chemicals that 
undergo redox reactions (Fricke and Hart, 1966). 
In practice, three types of water were used in this research; at the beginning de- 
ionised water was found unsuitable as it badly affects the performance of both Fricke and 
polymer gel systems. Next, water purified by the Reverse Osmosis (RO) method was used 
and found to give adequate results. Finally Milli-Q® water obtained from a Millipore water 
purification system was used, which was also found to give good results. Milli-Q® water 
was chosen to be the main water supply since it consistently gives higher quality water and 
also for practical reason such as the availability of the water source and the consistency of 
our gel manufacturing procedures. Due to the importance of the water type a brief 
description of these purification processes for the above mentioned three types of water 
was included below: 
4.1.1. De-ionisation 
Ion exchange de-ionisers usually use pre-filtered water, which is passed through 
synthetic resins. It uses a two-stage process to remove almost all-ionic material in water. 
Two types of synthetic resins are used: one to exchange positively charged ions (cations) 
for H+ and another to exchange negatively charged ions (anions) for OH'. Cation de- 
ionisation resins release hydrogen (H+) in exchange for cations such as calcium, 
magnesium and sodium, and the anion de-ionisation resins exchange hydroxide (OH") ions 
for anions such as chloride, sulphate and bicarbonate. The displaced H+ and OH" combine 
to form H2O. Resins have limited capacities and must be regenerated upon exhaustion. 
This occurs when equilibrium between the adsorbed ions is reached. Cation resins are 
regenerated by treatment with acid, which refills the adsorption sites with H+ ions. Anion 
resins are regenerated with a base, which fills up the resin with OH' ions (ASTM-D 4548, 
1999). 
4.1.2. Reverse Osmosis Filtration Systems 
Reverse Osmosis is a common method of water purification and one of the cross 
flow membrane types of filtration. It removes both dissolved organic compounds and 
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inorganic salts using a mechanism different from ion exchange. The pressurised feed-water 
flows across a membrane, with a portion of the feed permeating the membrane. Because 
both feed and concentrate flows parallel to the membrane instead of perpendicular to it, the 
process is called "cross-flow filtration". Depending on the size of the pores engineered into 
the membrane, cross-flow filters are effective in the classes of separation known as reverse 
osmosis, nano-filtration, ultra-filtration and the more recent micro-filtration. Reverse 
osmosis was the first cross-flow membrane separation process to be widely 
commercialised. It removes most organic compounds and up to 99% of all ions, and 
therefore it can meet most water standards with a single-pass system, and satisfy the 
highest standards with a double-pass system. Reverse osmosis is much more energy- 
efficient compared to phase change processes `distillation' and more cost effective than the 
use of strong chemicals required for ion exchange regeneration (ASTM-D 4194,1999), 
(Osmonics Inc., 1997). 
4.1.3. Millipore `Milli-Q®' Water Purification System 
The Milli-Q® water purification system usually combines both RO and ion exchange 
methods. It contains a number of cartridges that remove the trace organic and inorganic 
impurities from the water fed to the system. Feed-water, which is pre-treated either by RO 
method or by distillation, is pumped through the Milli-Q® purification pack. This pack 
usually contains activated carbon able to remove trace dissolved organic species to a level 
about 1 ppb and a nuclear-grade ion exchange resin to clean out inorganic ions to a 
resistivity level of about 18 mega-ohm/cm, that about 0.03 ppm of dissolved inorganic 
(Schulz et al., 1990), (ASTM-D 1193,2000). The system used in practice was called Milli- 
Q® plus, which is a compact system producing about 1.5 litres per minute of pure water. 
The system has a built-in test of the accuracy of the resistivity measurements. During 
periods of no demand the system can be switched to standby operation, in which water 
quality is maintained by automatic internal re-circulation at pre-set intervals. Water 
obtained from the system is usually stored in a tightly closed dark glass bottle and kept in 
the preparation laboratory away from direct sunlight. 
4.1.4. Results of Water Analysis 
When starting to use de-ionised water for early gel preparation attempts, lots of 
problems were noticed including poor sensitivity materials, inconsistent results and 
strangely inconsistent behaviour of the well understood ferrous sulphate aqueous solution. 
That led to trials of different types of water from different sources. The most readily 
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available option was RO filtered water from the chemistry department. The RO water gave 
satisfactory results and it was used for several preparations. Later, building work in the 
chemistry department put the water filtration system out of action which forced yet another 
source of water to be tried. It was possible to obtain some high purity water purified by the 
Millipore, Milli-Q®, system from the school of biological science. This leads to a slightly 
better gel detector performance than the one made with RO water and therefore it was used 
in most of this research project. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
was usedto analyse these three different types of water in an attempt to understand the 
effects of these various water supplies on the gel dosimetry systems. The following table 
shows the ionic content of de-ionised water, RO water and Milli-Q® water. 
Table 2.1: ICP-MS analysis of water used to make the gels; n/d in the table means not 
detectable quantity. 
De-ionised (R. O. ) Milli-Q 
water water water 
Peak Intensity Concentration Peak Intensity Concentration Peak Intensity Concentration 
Element (cps) (mg/[) (cps) (Mg/1) (cps) (mg/i) 
Na 379111 n/d 21568783 3.48 451262 n/d 
Mg 177124 n/d 201987 n/d 189474 n/d 
Ca 540799 6.22 223437 0.8 226199 0.85 
Si 486328 1.42 353370 n/d 281428 n/d 
V 6931 1.31 3977 0.37 3316 0.17 
Cr 1512 n/d 1259 n/d 2068 0.56 
Mn 324757 n/d 352156 n/d 245266 n/d 
Fe 16860 1.89 5978 n/d 6561 n/d 
Co 2875 0.15 1572 n/d 2211 n/d 
Ni 1057 0.21 664 0.1 711 0.12 
Cu 56655 9.14 44835 7.1 23450 3.41 
Zn 6745 29.16 5634 23.6 3373 12.16 
Cd 169 0.18 482 0.97 589 1.24 
Pb 221 0.25 787 1.29 1105 1.88 
By looking at this table, the big difference in the calcium concentrations between the 
de-ionised water sample on the one side and the RO and Milli-Q® samples on the other is 
very clear. This may suggest that this element is at least partially responsible for disrupting 
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the function of the gel as a radiation detector, this view was supported by Dr. N. I. Ward at 
the ICP-MS facility (Ward, 1997). 
4.2. Gelling Powders 
4.2.1. Agar and Agarose 
Agar is also called AGAR-AGAR, which is gelatin-like product made primarily from 
the algae Gelidium and Gracilaria 'red sea-weeds'. Agar is isolated from the algae as an 
amorphous and translucent product sold as powder, flakes, or bricks. Although agar is 
insoluble in cold water, it can absorb as much as 20 times its own weight of warm water. It 
dissolves readily in boiling water with a melting point of 95°C and it solidifies when it 
cools down to about 45°C into a firm gel. In its natural state, agar occurs as a complex cell- 
wall constituent containing a complex carbohydrate (polysaccharide) with sulphate and 
calcium. Also Agar is considered of being neutral polymer of gelactose that has low 
viscosity in water solutions, stable gelling temperatures, strong gel structure and a very low 
sulphate content. 
Agarose [C12H14O4(OH)4] is a type of polysaccharide (PS) obtained from agar that is 
used especially as a supporting medium in electrophoresis. Agarose comes from a family 
of PS that are obtained from algae such as seaweed. They range from neutral agar to highly 
charged carrageens. Structurally, agarose allows two chains to join together and adopt a 
double helix. The two chains wrap together so tightly that gaps are closed, and water is 
trapped inside the helix. The two chains have four ends and these remain as random chains 
that are able to link up with other random coil ends of other helices so giving extensive 
cross-linking, and a 3-D complex of helical tubes containing water. The amount of free 
random coil at the ends determines the degree of cross-linking and thus the strength of the 
gel. Therefore short coil lengths allow more helical structure, which holds more water, but 
is less strong because there are fewer cross-links. Longer coil ends give more extensive 
cross-links so fewer helixes and less bound water, but a much stronger gel results. The 
physical properties of Agarose, such as melting and gelling points, are similar to those of 
agar. However agarose is preferred over agar because of its relative purity, which gives it a 
more transparent appearance and its greater resistance to the acid component at room 
temperature makes the gel more stable with time. Agarose is capable of forming stiff gels 
in concentrations as low as 0.5% by weight; in gel dosimetry the amount of agarose ranges 
between 0.5% and 2% (Olsson et al., 1989). 
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4.2.2. Gelatin 
Gelatin [C17H32N5O6] is usually obtained by controlled hydrolysis from the fibrous 
insoluble protein collagen, which is widely found in nature being the major constituent of 
skin, bones and connective tissue. Being a protein, gelatin is composed of a unique 
sequence of amino acids. Structurally, gelatin molecules contain repeating sequences of 
glycine-X-Y triplets, where X and Y are frequently proline and hydroxyproline amino 
acids, figure 2-1. These sequences are responsible for the triple helical structure of gelatin 
and its ability to form gels where helical regions form in the gelatin protein chains 
immobilising water. The raw materials, type of pre-treatment and gelatin extraction 
conditions all affect the molecular distribution of the gelatin polypeptides obtained during 
manufacture. Gelatin molecules are quite large with molecular weights ranging from a few 
thousand up to several hundred thousand times the weight of a hydrogen atom. The 
molecular weight distribution of gelatin has a great bearing on the physical properties of 
gelatin and particularly affects viscosity and gel strength values. 
CH, 
A CH; Clt 
1 
04 NH CH 
ý`ýN CH NH 
A/ ` 
CO 
`/ ` 
CH- CO- NH Co ('H- CO 
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CO- NH CO II 
RR 
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Glycine X Hydroxyproline 
Figure 2-1: Gelatin chemical structure. 
Gelatin is relatively insoluble in cold water but hydrates readily in warm water. 
When added to cold water, gelatin granules swell into discrete swollen particles absorbing 
5-10 times their weight of water. Raising the temperature above 40°C dissolves the swollen 
gelatin particles forming a solution, which gels upon cooling to the setting point at about 
30°C. The extent that gelatin granules swell in cold water is dependent on pH with 
maximal swelling occurring at pH values away from its neutral acidity point. The rate of 
solubility is affected by factors such as temperature, concentration and particle size. It 
should also be said that gelatin is insoluble in alcohol and most other organic solvents and 
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it has the ability to form gels at moderate pH levels. At the beginning of the gelation 
process there is a tremendous increase in viscosity until a gel has completely formed. The 
rigidity of gelatin gels increases with time as the gel matures, reaching equilibrium 
approximately after 18 hours of maturation. The strength of gelatin gels depends upon the 
concentration and intrinsic strength of the gelatin used which is a function of both structure 
and of molecular weight. Gel strength is largely independent of pH over a wide range 
above a value of about 5. Other factors affecting gel rigidity include temperature, thermal 
history and the presence and concentration of electrolytes, non-electrolytes and other 
ingredients. Gelatins are graded and marketed on bloom strength indicator, which is a 
measure of the gel strength determined according to international methodological standards 
(Wainewright et al., 1977). 
Being a polymer, gelatin's macromolecular nature produces a viscosity in solution, 
which displays rheological properties that are Newtonian in nature at most temperatures 
and concentrations. The viscosity characteristics displayed by a given gelatin grade are 
primarily related to the molecular weight distribution of the gelatin molecules. The 
viscosity of gelatin solutions increases with increasing concentration and with decreasing 
temperature. A gelatin's viscosity also affects other gel properties including setting and 
melting points. High-viscosity gelatin gives gels with a higher melting and setting rate than 
do gelatins of lower viscosity. The concentration of gelatin powder used for gel dosimetry 
is usually about 5% weight by weight (w/w) of high gel strength bloom - 300. 
4.3. Other Chemicals 
There are a number of additional chemicals that are essential for particular gel 
dosimetry systems to function. Ferrous ammonium sulphate, Fe(S04)2(NH4)2, or ferrous 
sulphate, FeSO4, and sulphuric acid, H2SO4, are employed in Fricke type gels. Similarly 
the N, N'-methylene-bis-acrylamide (also called BIS) cross-linking monomers, acrylic 
acid, and sodium hydroxide are used for the polymer type of gel. On the other hand, there 
are some other chemicals that can be taken out of reported dosemeter recipes without 
affecting the dosemeter performance. Examples of these are sodium chloride and benzoic 
acid in Fricke gel recipes, and to some extent the acrylamide in polymer gels. 
The sodium salt of xylenol orange was used to develop radiochromic gel dosimetry 
systems for 3-D gel dosimetry. In this method the dose pattern becomes visible which 
enables visible light spectrophotometry to be used as a readout technique (Appelby and 
Leghrouz, 1991). In this present project XO plays a central role, which led to the 
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development of the Ferrous sulphate Xylenol orange Gelatin (FXG) gel dosimetry system 
(Bero et al., 1998). Details on the developments of FXG in general will be left to chapter 
four. 
Finally, dissolved gases, in particular Oxygen, play a different role depending on 
which system is being considered. In the case of Fricke based systems an aerated solution 
should be used, and for measuring high doses additional oxygen should be pumped into the 
system to ensure the dose response is linear over a wide range. In contrast, oxygen should 
be completely removed form the system in the case of the polymer gels in which oxygen 
prevents polymerisation from taking place and hence severely affects the dosemeter 
sensitivity. In this case, oxygen-free gels are usually made by purging the solutions with 
nitrogen during manufacturing phase. The gel samples should also be stored under oxygen- 
free conditions prior to use. These requirements involve considerable practical difficulties 
due to the high reactivity of oxygen and the fact that it is abundant in the atmosphere. 
5. Making Gel Dosemeters for 3-D Dose Measurements 
Although gel dosimetry has developed considerably over the past ten years, the 
method has not yet been practically established as a common standard procedure at clinical 
level. This has been partly due to the difficulties in manufacturing, handling or storing 
these dosemeters. It is important to realise that any developments that do not take into 
account such factors will face the same practical difficulties regardless of how good the 
other properties of the system are. Devising easier preparation protocols using safer more 
widely available materials to produce a more stable dosemeter for both pre- and post 
irradiation phases were primary objectives in this project. Some gel preparation issues, like 
the elimination of unnecessary chemicals represented a very clear requirement both 
theoretically and practically. However, on other issues, some compromises were needed 
and this research shows the possibility to select the best way to manufacture the dosemeter 
material to suit the intended applications. 
With regard to the Fricke gel system, which is the simpler of the two gel dosemeter 
categories usually used in 3-D dosimetry research, the sodium chloride and the benzoic 
acid were removed. Sodium chloride is used in Fricke solutions to counter the effects of 
any organic impurities remaining in the system, which are known to affect the system 
chemical yield and therefore make it difficult to use the dosemeter as reference standard 
tool. On the other hand, benzoic acid has been used to enhance the chemical yield through 
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the initiation of a chain reaction. However, in a Fricke gel systems both of these 
components have no essential function due to the existence of large quantities of organic 
material 'the gelling agents; this cannot be countered by NaCl, and these also produce 
chain reaction yield enhancement without the need for any additional organic materials. 
Another potential problem associated with Fricke type gel is the loss of dissolved oxygen 
when the water is boiled to allow agar or agarose gel powder to dissolve. In order to solve 
this problem, the gel water solution can be purged with oxygen, but this process can be 
practically difficult. Alternatively another type of gel with a lower melting point was used 
in this work. Gelatin was the material of choice since it not only makes the preparation 
easier but disposal of used material is also simplified. 
Polymer gels are much more difficult to manufacture due to the requirements of 
carefully controlled conditions mentioned previously. Another practical difficulty 
associated with this system is related to safety, bearing in mind that many monomers, 
particularly acrylamides, are toxic materials; evidence from animal experiments indicates 
that acrylamide monomers are carcinogenic and any contact with these materials should be 
avoided (IARC-S7,1987). 
Improving the gel dosemeter preparation protocols was one of the main concerns 
here. The aims were to make the dosemeter preparation simpler by including the minimum 
number of critical components, and using simple equipment. Also, the system should be 
assembled and used safely under conditions as close as possible to normal laboratory 
conditions. Any improved formulation or techniques should also attempt to address some 
of the limitations in the existing systems in order to make it more practical, more reliable 
and able to serve more applications in the field of radiation dosimetry. 
6. Irradiation Facilities 
6.160Co Hotspot Irradiator 
Cobalt-60 is one of the most widely used radionuclides for irradiating materials; it is 
usually produced in a nuclear reactor by exposing the stable isotope 59Co to a high flux of 
neutrons. 59Co captures neutrons to give the radioactive isotope 60Co according to the 
following nuclear reaction: 
"Co + n-->6°Co (2-1) 
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Following (3-decay 60Co emits two gamma ray photons with energy 1.17 and 1.33 MeV. 
60Co decays to the stable 60Ni isotope with a well-determined half-life of 5.27 years 
(NCRP-58,1985): 
60Co- °Ni + e- +v (2-2) 
The total photon energy P emitted from 60Co per disintegration is given by: 
P=(1.17+1.33)x106'eV=4x10-'3J (2-3) 
The Surrey Hotspot irradiation facility consists of a massive lead shield surrounding 
the radioactive isotope, which is usually prepared as small pellets loaded into a circular 
array of stainless steel or zirconium alloy tubes. These tubes are sealed also by welding 
before being sealed into another stainless steel capsules. 
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Figure 2-2: The Super Hotspot Irradiation Unit. 
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The unit consists of the source, source container or shield, which is a large 
cylindrical vessel filled with lead, and a stainless steel cylindrical column also filled with 
18 
lead is fitted to the centre of the source container. An irradiation chamber at the bottom end 
of the cylindrical column is provided to accommodate the samples. In operation the 
column slides down within the honed bore of the shield, controlled by an electrical winch 
to position the sample close to the source, figure 2-2. We measured the unit dose rate 
experimentally at the beginning of this project using standard Fricke solution then the dose 
rate was corrected to the irradiation date by assuming that the dose rate decreases with time 
in the same fashion as source activity does: 
A= Aaexp(- At) (2-4) 
AO is the unit activity at installation date 24 `h November 1967 was 2.189Ci=81GBq. 
6.2.60Co Gamma Source Calibration 
The facility was calibrated using a standard Fricke solution prepared in accordance 
with standard procedure described in report (ASTM-E 1026,1995). All materials were 
reagent grade chemicals and high purity water. The Fricke system is a well-established 
reference standard dosimetry system since the chemical yield of ferric ions for 'Co 
gamma photons is accurately known. The Fricke dosemeter is sometimes applied for the 
determination of high radiation absorbed dose from photon beams emitted from 
60Co 
or generated by accelerators. Following standardisation in this way the Hotspot dose-rate is 
corrected every time it is used by extrapolating the dose rate calibration curve using the 
accurately known half-life. 
In the preparation of the dosemeter solution a 100 ml volumetric flask was filled with 
96 ml of pure water and 4 ml of 98% sulphuric acid; 0.0392 g of ferrous ammonium 
sulphate and 0.0058 g of sodium chloride were dissolved in this solution. The solution was 
then irradiated in the Hotspot flask after taking a control sample before irradiation. All 
samples were kept in clean glass bottles in a dark place to try to minimise self-oxidation, 
which proceeds at room temperature; this effect should be considered and the readings 
should be corrected if necessary. 
Quartz cuvettes of 1 cm light path length were used to measure the change in the 
irradiated sample's optical density using a double beam UV-visible spectrophotometer. A 
new base line was acquired with empty cuvettes in both the reference beam and the 
measurement beam, and then the spectrophotometer was set to zero. It is important to 
measure the absorbance of each sample quickly with the same elapsed time after putting it 
in the spectrophotometer because the absorbance increases with time due mainly to the 
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natural oxidation of ferrous ions and the acceleration of this process by relatively high 
temperature inside the instrument. 
First, the mean absorbance of the unirradiated sample, Ao, was obtained then the net 
absorbance, AA, for each irradiated sample was calculated by subtracting AO from each 
absorbance reading, A. The following basic equation was then used to calculate the 
absorbed dose: 
= 
DA 
Df 
(DE)pG(Fe3+)l 
where: 
(2-5) 
Df is the absorbed dose in the Fricke solution in grays; Df is usually related to the absorbed 
dose in water D,, by the expression (ICRU-35,1984): 
D,,, =1.004Df (2-6) 
AA is the measured change in absorbance in the irradiated sample at either 224 or 304 nm, 
p is the density of the standard Fricke solution, equal to 1.024x103kg. m 3, 
AE is the difference in molar linear absorption coefficient between ferric ions and ferrous 
ions in solution in M-1 m2, cis given from Beer's law by the relation: 
A 
E_- cl 
(2-7) 
Here C is the molar concentration of the ion of interest and I is the optical path length 
within the solution. DE values are reported in the literature at the two different wavelengths 
mentioned above; De =454.5M"ß m2 and 219.6M' m2 at 224 nm and 304 nm respectively. 
G is the radiolytic yield of ferric ions, G (Fe3+) = 1.61 x10"6M. T1(Fricke and Hart, 1966). 
1 in metres is the optical path length of the dosimetric solution in the cuvette. 
It is has been recommended (ICRU-35,1984) to use the product EuG=353x10"6 m211, or 
732x10-6 m2J', at 304 nm and 224 nm respectively, rather than individually determined De 
and G values. This is mainly due to the large systematic errors in the measurements of e 
that have been observed in a number of studies. These values are given for both irradiation 
and measurement at 25°C; for different temperatures a correction factor needs to be 
applied. For example z&G measured at the wavelength 304 nm for another temperature 
can be written: 
E, . G,. = 352 x 10 -6 
[1 + 0.007 (t - 25 )]x 
[1 + 0.0015 (t'- 25)] (2-8), 
where: t is the solution temperature in °C during the optical measurements, t' is solution 
temperature during irradiation. The equation above is valid for 10<t<60 and 15<t'<35. If 
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the measurements are made with a1 cm path-length cuvette and by using the 
recommended values given above for 4e p and G are given at temperature 25°C, equations 
(2-5) and (2-6) can be simplified to: 
D,,. =278 AA 
6.2.1. Molar Linear Absorption Coefficient Measurements 
(2-9) 
Although it is recommended to use published values of AG products to calculate 
the dose, it is important to determine E experimentally. This will also verify the 
spectrophotometer performance at specific laboratory conditions under which the actual 
measurements are made. Here, a series of ferrous and ferric ion solutions of different 
concentrations was made up and their absorbance at the two standard UV wavelengths was 
measured. Plotting concentration versus absorbance gives the molar linear absorption 
coefficient from the slope of the linear regression fit. 
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Figure 2-3: (A) Ferric (Fe") molar linear absorption coefficients, 
A(224nm)=4.421IC+0.0315, R2=0.9991; A(304nm)=2.0098C-0.0277, R2=0.9997 and 
(B) ferrous (Fe 2+) molar linear absorption coefficients A(224nm)=0.0276C-0.0122, 
R`=0.998, A(304)=0.0033C-0.0(X)6, R`=0.9971. 
Results shown in Figure 2-3 above are satisfactory and encouraging, even though the 
measured values of the molar extinction coefficient for Fe 
3+ are lower than the standard 
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figures reported in literature by a factor of 3.2% at 224 nm and about 8.9% at 304 nm, 
however these values are significantly higher in the case of Fe 2'. This may be explained by 
considering the following two factors. Firstly standard values are given for a measuring 
temperature of 25°C but these measurements were made at a temperature of about 20°C. 
The molar linear absorption coefficient is known to increases with rising temperature by 
about 0.68 % per °C at 304 nm (Scharf et al., 1962). Secondly, ferric chloride FeC13 was 
used to make ferric ions solutions rather than the recommended procedure (ASTM-E 1026, 
1995), and finally much lower sulphuric acid concentrations, 25 or 50 mM, were used 
rather than that usual value of 400 mM. 
6.2.2. Fricke Solution Dose Response and Absorbed Dose Measurements 
In the course of this research project, the Hotspot dose rate value was corrected to 
the date of irradiation. A methodology that allows dose rate estimation on the exact 
irradiation date was established on the basis that the irradiation conditions remain the same 
with the change in the source activity as the only factor that affects the gamma facility dose 
rate. Therefore the dose rate reduces with time in the same fashion as the activity falls and 
hence we may write: 
D, = Do exp(-2t) (2-10) 
D1 is the dose rate at a certain time, Do is taken as the dose rate measured at the start of this 
project and % =1n 2/TV2 . 
On the other hand, experimental measurements with standard Fricke solutions were 
performed few times during the course of this project and the results were compared with 
theoretical calculations, Table 2-2. 
Good agreement between experimental measurements and calculations supports the 
methodology used to determine the irradiation facility dose rate, see figure 2-4. The 
inhomogeneity of the radiation field in the irradiation cell was studied and found to have 
negligible effect on the response of a set of samples compromising up to 12 cuvettes. This 
work also revealed that these samples were situated within the volume that receives 95% of 
the radiation flux. 
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Table 2-2: Irradiation facility dose rate calibration. 
Experiment Change in Fricke solution Measured dose rate Calculated dose 
date Optical Density at 304nm (Gy/min. ) rate (Gy/min. ) 
07/06/1997 0.0029 0.81 0.82 
29/10/1997 0.0028 0.78 0.78 
22/10/1998 0.0024 0.67 0.67 
08/02/1999 0.0023 0.64 0.64 
11/10/1999 0.0021 0.58 0.59 
26/10/2000 0.0018 0.50 0.51 
4 
3.5 " 224nm 
3  304nm 
2.5 
2 
ci 
1.5 
1 
0.5 
0 
0 100 200 300 400 500 
Absorbed Dose (Gy) 
0.9 
0.8 
C7 
0.7 
0.6 
0.5 
0.5 0.6 0.7 0.8 0.9 
Calculated Dose Rate 
(Gy/min. ) 
D. = 1.0006D, - 0.004 
R2 = 0.998 
(A) (B) 
Figure 2-4: (A) Fricke solution dose response curves at two different wavelengths, 
(B) Calibration Curve, Fricke solution dose measurement with 304nm at different time 
during the period of this study versus the calculated values. 
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The Hotspot unit was the only irradiation facility readily available to us that can give 
the sufficiently high doses required for most chemical dosimetry systems. But since the 
aim was to further develop existing systems, the irradiation procedure was kept the same 
throughout and any systematic errors in the determination of the unit dose-rate should not 
affect our findings. Irradiation procedure impact on the dosemeter characterisation carried 
out in this project should be insignificant since all measurements are relative. 
6.3. Other Irradiation Sources 
6.3.1. Linear Accelerators 
A linear accelerator (Linac) is a device that employs successive accelerations of 
electrons through small potential differences. Such a device is a very economical source of 
high-energy radiation fields. In order to produce a dose distribution for 3-D qualitative 
measurements an X-ray beam produced by a Linac is commonly employed for testing 3-D 
gel dosimetry since these machines are used in most conformal radiotherapy practices. 
Linacs generate high-energy electrons and photons at the required beam intensity and this 
type of photon source avoids the eventual radioactive waste disposal problems of 
radioisotope sources. The radiation beam can usually be collimated to produce desired 
radiation patterns in small test phantoms. The very limited access to an offsite facility at 
Royal Marsden Hospital, Sutton was the reason of not producing many results using that 
kind of radiation sources. Linac radiations, for both photon or electron beams, are the 
favoured irradiation source for this type of research because these machines are widely 
used in radiotherapy for which application gel dosimetry was originally proposed. Another 
practical difficulty appeared in this connection when it was found that the smallest 
achievable beam area from the available Linac was about 4 cm2. Since the maximum size 
gel sample in our experimental optical scanner is about 10 cm2 this makes it difficult to 
create a highly detailed test pattern without tight collimation. 
6.3.2. X-ray Tubes 
An X-ray tube generally consists of an electrically heated cathode and a target anode 
inside an evacuated glass envelope. A stream of electrons emitted from the cathode is 
accelerated toward the target by applying a potential difference. When these electrons hit 
the anode material, X-ray photons are produced. Most of these photons are produced when 
high-speed electrons are quickly slowed down because of their interaction with the electric 
field of the atomic nucleus of the target material. In a high-Z target the dominant X-rays 
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process is the bremsstrahlung production, which gives rise to a continuous spectrum of 
photon energies with a maximum determined by the magnitude of the applied potential. A 
multi-line characteristic X-ray spectrum is also produced, however this constitutes only a 
minor portion of the total X-ray spectrum. During this work three different tubes were used 
to produce 3-D radiation patterns. The first two were low potential of a maximum of 50 
kVp and 70 kVp, with silver and tungsten anode respectively, these tubes originally used 
for X-ray micro-tomography studies (OXFORD X-ray technology group, U. S. A. ). The 
third is a recently installed 225 kVp maximum tungsten target tube, (GULMAY Ltd., 
Shepperton, England), which has was used to irradiate gel phantoms during development 
of the Surrey optical tomography scanner. 
7. Quantitative Analysis Techniques 
This project required an intensive programme of modification and evaluation of 
different materials proposed for 3-D dosimetry. Simple and well-established analytical 
techniques are critical. Two different methods of readout were employed: the first is 
conventional UV/visible spectrophotometry, and the other is the equally powerful 
technique of NMR spectroscopy. 
7.1 UV/Visible Spectrophotometry 
UV spectrophotometry is a well-established analytical technique, used frequently 
with the conventional Fricke solution dosemeter. Many advantages make the method 
attractive; among them it is convenient, rapid, accurate and widely available. Since this 
research project involves lots of trials of different materials it was determined to employ 
this simple technique whenever it is possible. 
7.1.1. Theoretical Principles 
Many organic molecules distinctively absorb ultraviolet or visible light. Absorbance 
or `optical density' of a solution increases as attenuation of the beam increases. The fact 
that different molecules absorb radiation of different wavelengths has long been used as an 
effective analytical technique in physics, chemistry and biology. An absorption spectrum 
usually shows a number of absorption bands corresponding to structural groups within the 
molecule. In general the absorbance, A, is found to be directly proportional to the 
concentration, C, of the absorbing species and to the path length, 1, of the light beam in the 
sample: 
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A= F; 1C (2-11) 
where e is a constant of proportionality called the molar absorption coefficient or 
absorbability and the relation is best known as the Beer-Lambert Law. 
Beer-Lambert Law 
The diagram below, figure 2-5, shows a beam of monochromatic radiation of radiant 
power 1,,, directed at a sample solution. Absorption takes place and the radiation beam 
leaving the sample has radiant power, I the amount of radiation absorbed may be measured 
in two ways: 
i). Transmittance: 
0 
and therefore percentage Transmittance, %T=100 T, or: 
ii). Absorbance: A= log, o 1(11, thus A= logy, 1/T, and A= logio 100 / %T. 
Therefore the formula above can be written as the following: 
A= 2- logirr (%T) (2-13) 
This equation allows the calculation of the absorbance from percentage transmittance data 
and vice versa. This relationship between absorbance and transmittance is illustrated in the 
following diagram, Figure 2-5: 
Io 
4 Light path length P. 
Figure 2-5: Light beam absorption in solution of concentration C. 
When all the light photons pass through a solution without any absorption, then 
absorbance is zero, and percent transmittance is 100%; similarly when all the light photons 
get absorbed, then percent transmittance is zero, and absorption is infinite. The Beer- 
Lambert law which describe the relation between the absorbance and the absorbing species 
concentration is very simple and straightforward: A= F1C, where A is absorbance (no 
units), e is the molar absorption coefficient with units of L mol ' cm-1, / is the light path 
length inside the sample, that is, the width of the sample container, cuvette in our case, 
26 
Absorbing solution of 
usually expressed in centimetres and finally C is the concentration of the compound in 
solution, expressed in mol L-1. 
The linear relationship between concentration, C, and absorbance, A, is simple and 
straightforward that is why expressing Beer-Lambert law in terms of absorbance rather 
than T% is preferred. Molar absorption coefficient E, which is a measure of the amount of 
light absorbed per unit concentration, is a constant for a particular substance and is some- 
times called the molar extinction coefficient. 
Electronic Transitions 
The absorption of UV or visible radiation generally corresponds to the excitation of 
outer electrons in an atom or molecule. When an atom or molecule absorbs energy, 
electrons are promoted from their ground state to an excited state. On the other hand, the 
atoms in a molecule may also rotate and vibrate with respect to each other. These rotations 
and vibrations also have discrete energy levels, which can be considered as being packed 
on top of each electronic level, see the following diagram: 
Energy 
E` 
Rotational 
electronic levels 
Vibrational 
electronic levels 
Eo 
Figure 2-6: Vibrational and rotational energy levels. 
Absorption of ultraviolet and visible radiation in organic molecules is restricted to 
certain functional groups (chromophores) that contain valence electrons of low excitation 
energy. The spectrum of a molecule containing these chromophores is usually complex. 
This is because the superposition of rotational and vibrational transitions on the electronic 
transitions gives a combination of overlapping lines. This appears as a continuous 
absorption band. Many inorganic species show charge-transfer absorption that is why they 
are called charge-transfer complexes. For a complex to demonstrate charge-transfer 
behaviour one of its components must have electron-donating properties and another 
component must be able to accept electrons. Absorption of radiation then involves the 
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transfer of an electron from the donor to an orbital associated with the acceptor. Molar 
absorption from charge-transfer absorptions are usually large greater that 10000 L mol-' 
cm-I (Wilson, 1974). 
7.1.2. Camspec M-350 Double Beam UV/Visible Spectrophotometer 
The Camspec M-350 double beam UV/visible spectrophotometer (Camspec Ltd, 11 
High Street, Sawston, Cambridge CB2 4BG, UK. ) was used extensively in this project, 
figure 2-7. It was the main optical quantitative technique used to study the response of 
different coloured gel detectors to ionising radiation. It was also used to measure ion 
diffusion in gels as well as to calibrate our irradiation facility using standard Fricke 
solutions. 
Figure 2-7: Camspec M-350 UV/visible spectrophotometer. 
This high quality and good reliability spectrophotometer is connected to a personal 
computer (IBM compatible) and supplied with Windows based software for data collection 
and analysis. The Littrow type 1200 line/mm mono-chromator with holographic grating 
provides excellent energy throughput with low stray light (less than 0.05% Transmittance 
at 220 and 340 nm) and fixed band pass of 2 nm. The linear sine-bar mechanism gives 
accurately reproducible wavelength selection over the entire 190 to 1100 nm wavelength 
range. The wavelength accuracy and reproducibility are ± 0.5 nm and ± 0.25 nm 
respectively. Camspec can be operated in three different photometric modes `Absorbance 
(A), %T and Concentration' and its photometric ranges are - 0.3 -3A and 0 to 200 %T. Its 
photometric accuracy and precision are better than 1% and 0.5% at 1A respectively. 
Measurement baseline flatness is ± 0.002 A and baseline stability 0.001 A/hour. Five 
scanning data intervals 0.2,0.5,1,2 and 5 nm are possible with scanning variable speeds 
up to a maximum of 1200 nm/minute at 2 nm intervals. The equipment is provided with 
two light sources, a Deuterium and a Tungsten-Halogen lamp with lamp change between 
28 
300 and 320 nm and the option to switch off the unused lamp. The spectrophotometer has 
an automatic self-calibration at switch-on and an absolute wavelength re-calibration check, 
which can be made against the 656.1 nm emission line of the Deuterium lamp. Camspec 
uses a silicon photodiode for detection of both the reference and the measurements light 
beams. Its sample compartment size is 108x395x120 mm and the spacing between the 
beams is 210 mm. The spectrophotometer may be operated in three main modes: 
immediate, scan and concentration mode. The first two modes were used in this project; 
the scan mode was used especially frequently because it provides the most efficient way to 
study large numbers of samples. 
7.1.3. Sample Containers 
Different types of cuvette were employed depending on which region of the optical 
spectrum are used in particular applications. For the UV region, high quality Macro 
cuvettes with lids were used (UV quartz silica glass, tested for transmission in the range 
190-2500 nm and with approximate working volume of 3.5 mL made by Fisher Scientific 
UK Ltd, Bishop Meadow Road, Loughborough, Leicestershire, LE11 5RC, UK. ). These 
were the only option to obtain accurate measurements in the case of standard Fricke 
solution. However, for investigations located within the visible, UV grade disposable 
PMMA cuvettes (Fisher Scientific UK Ltd. ), which are made from optical methacrylate, 
were found to be adequate. The light path length in this type of cuvette is 10 mm and its 
capacity is about 4.5 mL. Other transparent phantoms were designed and constructed for 
specific experiments such as ion diffusion studies and these will be describe in the relevant 
parts of this thesis. 
7.1.4. Choice of Dosemeter Materials 
The optical spectroscopy method is unsuitable for mapping 3-D dose distribution 
using the standard Fricke gel dosemeter because its characteristic absorption bands are in 
the ultra-violet region and the gel materials absorb UV light which makes the samples 
highly opaque. Decreasing the light path through the sample or using higher intensity light 
beams are possible solutions to this problem but are not practicable for 3-D dosimetry 
techniques where large phantom dimensions are likely. On the other hand, the polymer gel 
system is more intrinsically suitable for making optical measurements since it relies on 
light absorption in the visible region where the gel is quasi-transparent. However a better 
alternative is to modify the Fricke gel so that radiation-induced colour changes occur in the 
visible region in the spectrum. This objective was achieved by the addition of xylenol 
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orange ion indicator, which was the turning point that enabled the development of 
radiochromic gels sensitive to ionising radiation, which are read out at visible wavelengths. 
7.2 NMR Spectrometry 
Nuclear magnetic resonance is an established analytical technique in modern 
physical and chemical sciences. It offers valuable tools to study the composition of some 
materials, molecular interactions and reaction dynamics. NMR spectrometry and 
relaxometry are also well known applications of NMR theory (Abragam, 1991). Aqueous 
systems that contain large amount of hydrogen are ideal media for NMR studies due to the 
high signal that can be observed. This is the case for almost all aqueous gels used for three- 
dimensional dosimetry. Understanding the basic principle of NMR gives an insight into the 
fundamental processes and an introduction to the elementary variables that govern the 
response of specific gel detectors (Audet et al., 1999). 
7.2.1. Theoretical Principles 
The fundamental observation led to the concept of nuclear magnetic resonance is that 
a nucleus with spin, I, not equal to zero behaves like a small magnet with a magnetic 
moment p. which is a vector with magnitude: 
fý _ [I (I + 1)]Y (2-14) 
where yis a specific property of a particular nucleus called the gyromagntic ratio, h--h/2, r 
and h is Planck's constant. At thermal equilibrium, the magnetic moment vectors of a 
collection of large number of nuclei are distributed randomly in all directions with equal 
energies. However, when this collection of nuclei are placed in a fixed magnetic field, Bo, 
the energies are split into 21+1 states and each of these sates is specified by it magnetic 
quantum number ml, which has 21+1 allowed values of -I, (-I+1)........ (I-1), I and the 
corresponding energy for each state is: 
E=-m, ABCf =-, 1ZBcff (2-15), 
where Bell is the effective magnetic field that affects the nucleus. It takes into account 
firstly, the magnetic field shielding effect introduced by the atomic electrons on the 
nucleus (usually called the chemical shift effect), and also the magnetic fields produced by 
other nonzero spin nuclei connected to that nucleus by a chemical bonds, which is called 
the indirect interaction or J-coupling. The component y is the projection of the vector p 
onto the direction of the field Bo that defines the z-axis. 
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Nuclei with spin I=1/2 are the most commonly used in NMR spectrometry mainly 
because they represent a simple case in which only two quantum states exists. The energy 
difference between these two states is given by the following: 
DE = yhBrh. (2-16) 
The most common example of this type of nucleus is the hydrogen nucleus IH which has 
1=1/2 and is usually referred to as a proton. Hydrogen is of particular interest in the 
aqueous dosimetric gel systems that were proposed for 3-D dosimetry for two main 
reasons. Firstly, 1H is present in large quantities in the detector materials and secondly 'H 
has the largest positive gyro-magnetic ratio yof all spin-half nuclei and therefore the NMR 
signal is also high. 
Energy No External 
Field applied 
Figure 2-8: Hydrogen spins energy levels. 
1 
m=-- 2 
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In general the magnetic vectors u are oriented at an angle 0 to the magnetic field, 
where: 9= ,[_ lI ul and therefore when the system is in equilibrium the magnetic moment 
vectors are distributed in a cone about the external magnetic field B,,, for classical 
visualisation, see figure 2-9. 
+Z 
Bo 
Precessional 
Orbit 
+y 
1 
In = +- 2 
Spinning 
Nucleus 
Figure 2-9: The magnetic moment vector, u, and its projection on the axis (z) of the 
fixed magnetic field. 
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Figure 2-10: (a) Schematic representation of a collection of nuclear spins, showing a 
greater number aligned with the magnetic field. (b) The excess spin population aligned 
with the field results in a net magnetisation in the +z direction. 
For spin half nuclei with a positive ), like the 'H case, the lower energy state is called 
a, which has m, =+1/2 and 1u 
is along the +z axis. Similarly the higher energy state is 
called 6 with mj=-1/2 and , u, this time 
is along the -z axis. The magnetic field causes, to 
precess about z-axis with frequency called the Larmor frequency (f in Hz), which can be 
written in the form: 
f=rBrn12r (2-17) 
The small difference in spin population between the energy states a and 8 gives a net 
magnetisation vector M, which is located along the axis +z because a has excess spin 
population. Applying pulsed radio frequency RF at the Lamor frequency in a direction 
perpendicular to the z-axis produces a component of the magnetisation in the xY plane and 
therefore the motion of the magnetic moment can be detected. The electromagnetic 
radiation has a magnetic field B1, which appears to oscillate to an external "observer" in 
the form of a detector coil in the xv plane for example. But at the same time this field, B1, 
is seen as constant by object nuclei because it is in resonance with their precessing spins, 
Figure 2-11. 
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Figure 2-11: The effect of the RF pulse. (a) The nuclei tend to precess about the B, 
field. (b) The pulse also causes the magnetic moment vectors to come into phase, and 
after the pulse is removed the vectors precess as a group about the BO direction. 
7.2.2. Relaxation 
In UV/visible light spectroscopy excited atoms or molecules return to the ground 
states very quickly and they release excitation energy either through collisions with 
surrounding molecules in liquids and solutions or by emitting spontaneous photons within 
a short period of time after excitation. 
Different behaviour is observed in NMR spectroscopy in which the energy difference 
between the excited state of the spin system and its ground state is firstly very small; 
secondly and most importantly the return of those nuclei from the excited state to their 
ground state happens very slowly. The lifetime of these very low energy nuclear excited 
states is estimated to be years and hence an excited nucleus must be encouraged to come 
back to its ground state by external means. The return to the ground state primarily 
happens via transitions induced by locally oscillating electromagnetic field at Lamor 
frequency as a result of the surrounding molecules movements. 
Following the RF pulse the magnetic spin system returns to its equilibrium situation 
through two types of relaxation processes, the spin-lattice or `longitudinal relaxation' and 
the spin-spin or `transverse relaxation'. The first type involves a transfer of energy from 
the excited spin system to the surrounding, which is reflected in the name of the relaxation 
process as spin-lattice relaxation. During this relaxation process the spin population in the 
two energy levels in the case of spin half nuclei goes back to the values governed by the 
+Z 
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Boltzmann distribution. The net magnetisation vector M returns to its full magnitude on the 
+z axis and the rate at which M return to this position is called the spin-lattice relaxation 
rate, R1, which is equal to the reciprocal of the spin-lattice relaxation time, T1. By 
definition T, is the time require for the net magnetisation component on the +z axis to 
reach 63% of its length following the RF pulse, figure 2-12. 
1.0 
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0.8 ................................. 
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T, 2*T, 3*T, 
Figure 2-12: Spin-lattice T, relaxation curve. 
Assuming it starts at zero angle, net magnetisation returns to its original value before the 
RF pulse is applied through an exponential growth mechanism: 
Mz (z) =M 1- exp T, 
where r here is the time that follows the application of the RF pulse and T, is the spin- 
lattice relaxation time constant which describes a physical property of the medium, but this 
formula becomes more complicated for initial flip angles other than 90 degree. The other 
relaxation process causes the spin vectors to become evenly distributed in the xv plane 
without any transfer of energy to the surroundings. In this case the loss of the signal is due 
to the fact that the vectors are no longer coherent in phase as shown in figure 2-15c. The 
decay of the transverse magnetisation following the RF pulse is also an exponential 
process with time constant T2: 
M (r) =M exp -T (2-19) n xý m. ix ý' 
Therefore, T2 may be define as the time when the transverse magnetisation falls down to 
37% of it value immediately after applying the RF pulse and when the irreversible process 
is the only cause for the loss of coherence, i. e. the magnetic field inhomogeneity is 
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negligible, figure 2.13. T2 must always be equal to or less than T,, this is due to the fact 
that when T, relaxation is completed there will be no component of the net magnetisation 
M in the xv plane and T2 relaxation must be also completed. 
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Figure 2.13: The spin-spin T2 relaxation curve. 
Commercial MRI scanners are used to obtain quantitative measurement of T,, T, and 
proton density. This usually made by comparing different gel samples images, but this 
method is time consuming especially for repeated with repeated imaging experiments, I 
second to few minutes per slice. In this research project this method was not used 
frequently, instead NMR spectrometer that is able to measure directly the relaxation times 
of a small sample was the favourite technique . 
The methodology applied to obtain these 
measurements is described below: 
Tl Relaxation Measurements 
Measuring T1 was performed with the Inversion-Recovery method, which is one of 
the oldest multiple pulse NMR protocols commonly used for measuring the spin-lattice 
relaxation times (Hahn, 1949). The pulse sequence and vector descriptions are shown in 
figure 2-14. 
At the start the nuclei are in equilibrium in the external magnetic field and the 
magnetisation vector M is along the same direction as BO. By applying a 180°x pulse on the 
measured sample exposed to intense RF radiation the magnetisation vector M rotates 
through 180° to lie along the -z axis. Following the pulse there is a delay period, z which 
has different lengths depending on how the pulse sequence is repeated. 
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Figure 2-14: T, measurement by the inversion-recovery method, (a) pulse sequence, 
and (b) Vector description. 
In practice, the method commonly involves eight to ten rperiods with the length of r 
ranging from close to zero to four or five times T1. During the z interval the system 
attempts to return to equilibrium by the spin lattice relaxation process. Hence the net 
magnetisation vector M shortens in the - direction, and depending on the length of the 
delay z it passes through zero and eventually recovers to its full magnitude along the +z 
axis, its original orientation before the pulse. In order to measure the extent of relaxation, 
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M must be converted into observable magnetisation in the xy plane. This is achieved by 
applying a 90°x pulse, which rotates M to lie along the y-axis. Now if M is still negative 
before the 90°,, pulse is rotated to the +y direction, but when M relaxation is positive, then 
it will lies along the -y-axis after the 90°,, pulse. The signal amplitudes are converted from 
a function of time (FID) to a function of frequency using Fourier Transformation (FT). 
When the FT spectrum is plotted it gives a positive peak for a 90°x pulse applied to M at 
equilibrium. The areas of these peaks vary with z from a maximum negative value for r 
close to zero to a maximum positive value for large values of r (four or five times T, in 
practice, see figure 2-12). The relation between the peak area, A, and T, is an exponential 
function: 
A= A 1- 2 exp - 
T, (2-20) 
This can be rearranged to give: 
ln[(A -A)/A] =-z/Ti +1n2 (2-21) 
Finally, in [(AA)/A_] is plotted against r and the slope will be -VT, with an intercept 
equal to 1n2. 
T2 Relaxation Measurements 
Spin-spin relaxation is more complicated due to the fact that it also includes a 
component representing the magnetic field inhomogeneity. Therefore the observed 
relaxation time is in fact denoted as T*2, defined as: T2= T2 + Tja ., and because of this it 
is difficult to evaluate T2 from simple measurements. The multiple spin-echo pulse 
sequence, figure 2-15a, is the usual method used in practice because it allows the 
determination of T2 independently of the field inhomogeneity. This method consists of an 
initial 90°X pulse that turns the magnetisation vector M along the -y-axis. M remains fixed 
in the -y direction in a co-ordinate system rotating at Larmor frequency. However, the 
effect of the transversal relaxation is gradual shortening of M along -y. 
Due to the inhomogeneities in the magnetic field Bo, some of the nuclei in different 
regions of the sample precess faster than the rotating frame and therefore appear to move 
in an anticlockwise direction; these nuclei are labelled 1 and 2 in Figure 2-15c. Similarly, 
there are other groups of nuclei that rotate in the clockwise direction, numbers 3 and 4 in 
the same figure. This process shows the loss of coherence of spins in the system, which are 
associated with this relaxation process. 
37 
go-, 180-, 
Ti i1 T3 Z4 
/.. 1 
180 ° 
go-, 
No yy 
x x 
Zl 3 
2y 
4 
3 180 X 
týr 
ºy 
2 
x1 
zl 
x 
it 
2' 
1000 180 X2 
y 3' I3' x 4' 4' x 
(c) 
T4 
y 
x 
Figure 2-15: T2 measurement using spin echo method, (a) CPMG pulse sequence, (b) 
NMR signal that shows echoes at the end of the second and forth relaxation delay time 
and (c) vector description. 
At the end of the first delay time z', a 180°X pulse is applied and it cause the spins to flip 
about x-axis. After the second delay z,, both slow and fast groups of spin vectors meet each 
other on the +y axis, which give the observer an inverted signal reduced only by the effects 
of the actual spin-spin relaxation. By monitoring the signal amplitude in +y direction 
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throughout the sequence 90°, -zj-180°x-z2, it dies away during the first zy interval, then 
recovers to an inverted maximum when the spins come together at the end of the second 
time delay z2. Then the 180°X pulse is repeated at the end of third interval zj and therefore 
another echo is achieved at the end of the fourth interval r. With every echo the amplitude 
of the magnetisation of the +y axis decreases and the time constant of this process when 
observed with successive echoes give the true value of T2. The spin echo sequence used to 
measure T2 is the well-known CPMG (Carr-Purcell-Meiboom-Gill) sequence (Carr, 1954), 
(Meiboom, 1959). 
7.2.3. MARAN Low Resolution Bench-top NMR Spectrometer 
The low-resolution benchtop `MARAN-20' operates at 20 MHz radio frequency and 
is fitted with 0.5 T permanent magnet. It allows users to perform complex experiments 
with full control over all parameters and hence Tj and T2 measurements could be made 
accurately and relatively quickly with small sample. The software package provides a user- 
friendly tool to analyse relaxation data into a distribution of time components for assessing 
homogeneous sample bounds and reproducible fluid volume. MARAN has the capability 
to apply pulse field gradients to perform complex suppression and diffusion experiments. 
A temperature control unit for making experiments at constant temperature that can be 
selected in advance in the range -50 to 100°C. 
8. Quantitative Tomographic Imaging Techniques 
In general the whole concept of three-dimensional dosimetry was made possible by 
developments in the field of tomographic imaging. Ideally, visualising radiation effects 
inside an object to measure the spatial dose distribution should be achieved without 
interfering or damaging the detector material. Two different imaging modalities were 
employed, magnetic resonance imaging (MRI) which was the first historically, and later 
optical CT becomes more favoured by many researchers. Although both techniques were 
used to obtain quantitative measurements, their main use was to give high-resolution 
images of radiation dose distributions. The scope of this project was mainly aimed at 
developing a dosimetry system that is more suited to the optical tomographic technique 
than to MRI, which was given less attention. Therefore, development of the optical CT 
technique became an essential part of this programme of work and our contribution to this 
methodology is at the forefront of current developments in 3-D dosimetry, detailed 
discussion of the method forms the greater part of this thesis. 
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8.1 Optical Computed Tomography (OCT) 
An optical tomography scanner was built locally with some input from the hardware 
and computer software already possessed by the Surrey X-ray micro-tomography research 
group. A small portable prototype system was constructed first and then developed to the 
size required for dosimetry applications. A fully automated system based on exploiting 
colour changes in radiochromic gels was intensively studied and is described in chapter 
four and chapter five of this work. 
8.2 Magnetic Resonance Imaging (MRI) 
A whole-body MRI scanner (1.5 T) was available initially to image both Fricke and 
polymer gel dosemeters. The scanner consisted of a super-conducting magnet that provided 
a stationary magnetic field Bo, gradient coils, which produced much smaller magnetic 
fields than Bo in the z direction and varying in magnitude in all directions. The RF coil and 
RF receiver completed the essential parts of the scanner. Basic experiments performed 
using gel detectors and whole body MRI scanner were not very successful. Images 
obtained at that stage were not very good, for understandable reasons such as the 13ck of 
experience in manufacturing the sensitive gels, as well as the use of MRI imaging to 
readout dose distributions. Results were generally inaccurate and large signal to noise ratios 
were observed, which may be due to the detectors themselves or the imaging procedures 
followed. These early experiments were considered to be trials conducted only to establish 
our research methodology, and when the MRI scanner was removed during summer 1997 
it was not possible to make any more progress with this method. 
9. Conclusions 
This overview briefly describes materials and readout techniques deployed generally 
in the field of 3-D radiation dosimetry with particular reference to the study and 
development of the existing gel detectors. The basic concepts underlying previous research 
have been outlined which allows full advantage to be gained from published work in 
attempting to find solutions to the problems already identified in both Fricke and Polymer 
Gel dosemeters. 
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Chapter 3 
CONVENTIONAL 3-D GEL DOSIMETRY 
SYSTEMS 
1. Introduction 
Conventional dosimetry techniques do not usually provide fine spatial measurements 
of the dose distribution, and neither do they enable non-destructive assessment of the 
absorbed dose inside an object exposed to ionising radiation. Stabilising the radiation 
chemical effects spatially with a gel matrix was a known practice in the past but without 
much impact on dosimetry systems (Day and Stein, 1950), (Andrews et al., 1957). The 
development of tomographic imaging techniques in the 1970s, especially Magnetic 
Resonance Imaging (MRI), led to many applications in physics and medicine. In 1984 it 
was first demonstrated that radiation induced oxidation of ferrous ions to ferric can be 
determined by magnetic resonance relaxation measurements (Gore et al., 1984-a) which 
opened up the possibility of imaging absorbed dose spatial distributions. This was 
immediately followed by the revival of the use of gel materials and the concept of 3-D 
dosimetry (Appleby et al., 1987). An attractive feature of such methods was the possibility 
of measuring accurately small spatial variations of radiation energy deposited in a medium 
of interest completely non-invasively. This was a long awaited development with potential 
applications of huge practical importance particularly in radiotherapy dosimetry. 
In this chapter, the two main systems proposed for 3-D gel dosimetry are described 
and the most important features of each dosemeter were studied. Limitations on the use of 
these dosemeters are highlighted and several attempts to improve the technique and solve 
certain problems are considered. 
2. Review of Literature 
Two main approaches existed at the start of this project, both of them based on what 
is known as chemical dosimetry. The first is the most commonly used chemical dosemeter, 
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namely the air-saturated ferrous sulphate in sulphuric acid solution. This is known as the 
Fricke dosemeter named after Hugo Fricke who published the first account of this system's 
properties in the late nineteen twenties (Fricke and Morse, 1927), (Fricke and Morse, 
1929). The Fricke chemical system is based on the oxidation of an aerated ferrous sulphate 
solution by free radicals and highly reactive molecules resulting from the interaction of 
ionising radiation with water. Originally Fricke determined the amount of oxidation by 
chemical titration methods. Later on the amount of ferrous ion disappearing was 
determined colorimetrically by means of the 0-phrenanthroline complex. Another notable 
advance in terms of convenience occurred when Hardwick pointed out that the quantity of 
ferric ions formed could be determined accurately by direct reading of the optical 
absorbance of the solution with an ultraviolet spectrophotometer at wavelengths of 224 and 
304 nm (Hardwick, 1952). At these wavelengths the absorption of ferric ion in sulphuric 
acid environment has a maximum, while the absorption of ferrous ion is negligible. An 
extensive review on this chemical dosimtery method, its development, characteristics and 
applications was published in the late 1960's (Fricke and Hart, 1966). 
The extensive use of ionising radiation and the requirements for obtaining complex 
and accurate irradiation procedures have led to a new direction in dosimetry. Hence, a 
dosimetric system that can precisely measure radiation dose distribution in three 
dimensions with high spatial resolution is demanded for various applications. In modern 
radiotherapy, for example, it is essential to assess and measure the absorbed dose 
accurately in order to reach a successful treatment. In practice, due to the complexity of the 
treatment procedures and the wide range of irradiation facilities on offer, most of the 
required information is obtained through comprehensive computer simulation and dose 
calculation. Computation methods, however, are usually very time consuming and need 
very accurate calibration. Also these theoretical calculations and computer simulations are 
unlikely to have absolute accuracy and they might give rise to unexpected problems. Large 
numbers of researchers have been working on new dosimetry methods for the past decade, 
with one principle objective that is to make a practical system able to give integral spatial 
dose measurements non-invasively, non-destructively, quickly and accurately. 
The starting point was when a magnetic resonance scientist showed that radiation- 
induced oxidation of ferrous ions to ferric in an aqueous solution could be detected by a 
corresponding change in the water's proton spin relaxation times T1 and T2 (Gore et al., 
1984-a). These changes were large enough to map high spatial resolution dose patterns 
using MRI, when Fricke solution was infused into a gelatin gel (Gore et al., 1984-b). The 
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conversion of ferrous to ferric ions promotes faster proton relaxation in an aqueous 
medium; this is due to the fact that ferric ions produce stronger paramagnetic dipole-dipole 
interactions with the surrounding water protons than ferrous ions. This effect can be 
explained by bigger local fields produced by the unpaired electron of ferric ions taking into 
account the fact that the magnetic moment of an electron is about 658 times higher than 
that of a proton (Cohen et al., 1987). Therefore, when a transition metal ion is present the 
relaxation interactions due to the electron are dominant in that location. Many studies were 
performed on the system that incorporated the commonly used ferrous sulphate dosemeter 
and gel medium. Agarose gel was used and a much larger chemical yield observed in an 
early attempt to understand the chemistry of such a gel system (Appleby et al., 1988). 
Agarose was then used very frequently in preference to other types of gel because it is 
relatively pure and electrically neutral. Electron microscope studies also show the spatial 
homogeneity of the agarose gel and its useful applications to study NMR relaxation 
(Walker et al., 1988). 
In his basic study on the use of gel dosemeters to determine the absorbed dose 
distribution using MRI technique Olsson employed two different types of gels, agarose and 
gelatin(Olsson et al., 1989). The response of these gels to ionising radiation in the absence 
of ferrous sulphate ions and the sulphuric acid was studied. Measuring the longitudinal 
relaxation using a 0.25T NMR analyser the dose response, dose range and sensitivity of 
both gels were studied. Dose response was found to possess a first order linear relationship 
over a wide dose range, 0- 40 Gy, and gel sensitivity was many fold higher than the 
standard Fricke solution. In order to achieve linear dose response over the mentioned dose 
range, it was recommended that the gels should be purged with oxygen. It was also 
reported that the minimum detectable dose was about the same as the solution form of the 
dosemeter and this can be explained if we take into account the existence of higher 
uncertainty in the quantitative measurements obtained by NMR technique. 
The first true 3-D dose distribution images in arbitrary geometries and large volumes 
obtained using MRI were reported a year later (Olsson et al., 1990). Photon and electron 
dose-depth curves as well as absorbed dose profiles were measured using the new method 
and were found to show good agreement with measurements made with ionisation 
chambers and semiconductor diodes. On the other hand, this qualitative study shows the 
first major deficiency in the Fricke gel system as a 3-D dosimetry system, that is the very 
high uncertainty, up to about 20%, in the measurements obtained from the new NMR 
method. There are two main sources of this uncertainty; the first is the dosemeter itself, 
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which has low sensitivity, and the other comes from the noise in the NMR signal. An even 
more serious disadvantage of Fricke gel system was also uncovered. It was found that 
ferric ions are able to diffuse slowly throughout the gel after it has been exposed to 
radiation. This effect is intrinsic to the Fricke gel medium and it causes gradual blurring of 
the radiation dose pattern and consequent loss of spatial resolution. The diffusion 
coefficient of ferric ions migrating from 1mM solution into 1% agarose gel was found to 
be about (1.58 t 0.11)x10'2 cm2 h'1 (Schulz et al., 1990). Consequently, irradiation 
procedures, source dose rate, time elapsed between irradiation and imaging, and the 
number of images that can be recorded before diffusion occurs, together with the 
complexities of MRI approach, present major limitations to the use of this system in 
normal everyday dosimetric practice. 
After these primary findings, a review of the new method highlighted its future 
potential and summarised of the system's advantages and disadvantages (Day, 1990). More 
detailed research on the Fricke system was carried out, for example the effects of each 
chemical component in the gel as well as the gel manufacturing procedures on the 
dosemeter properties were studied (Olsson et al., 1991). The system's enhanced chemical 
yield was understood to be a direct result from the initiation of a chain reaction in the 
organic gel. In a much more comprehensive study (Prasad et al., 1991) demonstrated the 
feasibility of using Fricke gel and MRI to measure quantitatively the dose distribution in 
three dimensions. It was also noticed that the spin-spin relaxation time T2 is a more 
sensitive parameter than the spin-lattice relaxation time Tj; the same point was reported 
later by other investigators (Duzenli et al., 1994). Using similar gelatin Fricke gel materials 
(Hazel et al., 1991) characterised the system by considering the spin-lattice relaxation time 
T, to be the main physical parameter to be measured. In an attempt to understand better the 
relaxation process in the presence of ferrous and ferric ions Podgorsak studied the 
conventional Fricke solution and tried to give some recommendations for the use of Fricke 
gel dosimetry (Podgorsak et al., 1991). Practical attempts to use the gel system were made, 
for example the three-dimensional map of radiation dose distribution obtained from a 
gamma knife equipment was produced (Olsson et al., 1992). Another application of a 
Fricke gel dosimetry system was an assessment of the accuracy of stereotactic 
radiosurgery, for which there was no practical method for evaluating the accuracy of the 
beam (Schulz et al., 1993), (Rousseau et al., 1994). Similarly the dose distribution 
produced in two different brachytherapy techniques was measured (Olsen et al., 1994). 
Since tissue equivalence of the gel dosemeter is considered one of its main advantages a 
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quantitative study that looks at a number of parameters and their role in determining this 
specific property was essential. The claim that these gels are tissue equivalent was also 
investigated (Kron et al., 1993), (Gambarini et al., 1994). The Fricke gel system remains an 
important subject for investigations primarily due to the simplicity of its preparation. 
Relevant publications in the past few years include the following: (Luciani et al., 1996) 
studied the effect of optical readout wavelength on NMR agarose Fricke gel sensitivity; 
(Audet et al., 1997) proposed a model relating absorbed dose reading to the measured spin- 
lattice relation rate; (Chu et al., 1998) produced Ti weighted images for gamma knife dose 
distributions and studied the dose-NMR signal relation; (Magnusson et al., 1999) gave 
details on the importance of image uniformity; (Olberg et al., 2000) made a phantom of 
porous low density Fricke gel to represent lung-equivalent tissues, and calibrated it using a 
TLD dosemeter. 
In an effort to overcome the most serious obstacle associated with the Fricke gel 
technique, namely the diffusion of ions in the gel, which degrades spatial dose resolution 
(Schulz et al., 1990), (Olsson et al., 1992), (Balcom et al., 1993), a new type of tissue- 
equivalent gel was developed (Maryanski et al., 1993). In the new approach radiation 
initiates polymerisation cross-linking reactions in acrylic monomers and co-monomers 
inside a host gel material. Radiation induced polymerisation is a well-known effect that has 
found some industrial applications in the past. Although polymerisation of polyacrylamide 
gels was commonly applied to study electrophoresis in biochemistry (Gelfi and Righetti, 
1981), their use as a radiation detector was a new application. A radiation detection system 
able of providing permanent 3-D dose distribution images was achieved using polymer 
gels and magnetic resonance imaging and the dosemeter was initially given the acrynom 
BANANA and in this discussion we will give it the code name PG-1 (Maryanski et al., 
1993). This new dosimetry system offers an alternative method to the Fricke gel, which 
avoids the production of permanent ions. Then PG-1 recipe was modified slightly and new 
version of the polymer gel type PG-2 (known as BANG®) was manufactured (Maryanski et 
al., 1994). These systems where found to be free from the diffusion that associate with gel 
detectors that contain ions and consequently PG dosemeteishave much better stability of 
dose images with time. The initial polymer gel formulations were developed even further 
and a third formulation PG-3 (also called BANG-2) was reported (Maryanski et al., 1996). 
The PG dosimetry system became the favourite method for many investigators working to 
establish a practical 3-D dosimetry system, and the material developed into commercially 
available system (MGS Research Inc., Guilford, CT, USA. ). 
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The polymerisation process usually produces micro-particles in the irradiated section 
of the gel, which in turn causes light-scattering and therefore changes in the optical density 
of the gel. This effect led to the development of a new tomographic imaging modality that 
is able to give comparable image quality to the Fricke gels with a convenient and cost 
effective technique (Gore et al., 1996). The mechanisms by which radiation induced 
polymerisation in this type of material as well as the effects of polymer particles on proton 
relaxation in an aqueous polymer gel was studied by (Kennan et al., 1996). More studies 
followed aiming to achieve better understanding of the system's properties; (Maryanski et 
al., 1997) investigated the effects of both N, N'-methylene-bis-acrylamide cross-linkers and 
the acrylamide monomer weight fraction used to make PG-2 gel. Their study revealed that 
the PG-2 saturation level is strongly dependent on the cross-linker fraction as well as the 
measurement temperature. A simple method describing production, calibration, and 
application of PG-2 to suit routine clinical applications was published by (Baldlock et al., 
1998). Complex irradiation of PG-2 and it response compared with treatment planning 
computational predictions was investigated and a method for better calibration was 
suggested by (Oldham et al., 1998 a and b). Polymerisation kinetics and PG-2 stability 
were carefully studied (McJury et al., 1999). Oxygen effects on PG-2 performance and the 
mechanism that controls oxygen diffusion from the atmosphere into the gel were described 
by (Hepworth et al., 1999). 
Various applications of this new dosimetry system were published and new 
modifications or applications are being regularly reported over the past five years. Polymer 
gel phantoms were used to assess MRI image quality and also for diagnostic MRI quality 
assurance (Gore et al., 1997); (DeDeene et al., 1998) used the polymer gel system to verify 
dose measurements for conformal radiotherapy in head-and-neck cancer. Dose 
distributions like those made in intensity-modulated radiotherapy were measured with the 
method and then compared with other conventional dosimetry methods (Low et al., 1999). 
Details of some important factors in the readout method that influence polymer gel 
measurements were reported in three consecutive articles (DeDeene et al., 2000 a, b and c). 
Investigation into noise and other artefacts associated with MRI dose distribution 
measurements have been carried out (Low et al., 2000). Application of polymer gel PG-3 
to dose measurements of densely ionising radiation like carbon ion beams was introduced 
by (Ramm et al., 2000). Modified PG-2 with no acrylamide were suggested to produce gels 
with less toxic materials (Maryanski, 1999) and (Murphy et al., 2000). A review that 
summarises the most common properties of the polymer gel method was written recently 
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(McJury et al., 2000). The effects of echo spacing in MRI pulse sequences on dose spatial 
resolution was reported by (Baldock et al., 2001). The publication of a new polymer gel 
formulation and its application for dose profile measurement (Pappas et al., 2001), shows 
that the materials part of method is still open to further development. More recently a new 
polymer gel formulation was produced (Fong et al., 2001), which can be made under 
normal laboratory conditions without being damaged due to the presence of atmospheric 
oxygen. Similarly, a better understanding of MRI readout techniques for 3-D dosimetry as 
well as optimisation of a standard methodology to give best possible results are still 
subjects of research and investigation (Gochberg et al., 2001), (Lepage et al., 2001) and 
(Berg et al., 2001). 
3. Experimental Studies on the Fricke Gel Dosemeter 
Aqueous gels containing ferrous ions, made in a similar fashion to the common 
Fricke dosemeter, have been shown to be suitable for 3-D dosimetry applications. Ionising 
radiations cause chemical reactions, which end with ferrous ions being oxidised to ferric 
ions. Since ferric ions produce much stronger paramagnetic dipole-dipole interactions with 
the surrounding hydrogen atoms, the change in ferric concentration can be measured by 
measuring related changes in the NMR relaxation times. The magnetic resonance imaging 
technique can be used to obtain high spatial resolution 3-D maps of the radiation dose 
distribution (Schulz et al., 1990). Due to the simplicity of this method, it was though to be 
a suitable starting point at Surrey to attempt to understand the technique, in order to 
improve it, and if possible to work out solutions for problems and drawbacks usually 
associated with it (Day, 1990). 
3.1. Materials and Methods 
Many recipes have been tried to prepare the dosemeter material (Gambarini et al., 
1994), and (Korn et al., 1993). In our preparation we gave particular attention to the 
simplicity of the procedure and the availability of the materials. The most successful 
preparation was as follows. First, an aqueous gel mixture, which forms 75% of the final 
volume, is prepared by adding the gelling agent to the right amount of water; this is left for 
sufficient time for the gel powder to absorb the water at room temperature. During this 
time the other 25% of the final volume that contains ferrous sulphate ions in acidic solution 
is made up. Then the cold gel mixture is heated until the gelling agent is completely 
dissolved. The resulting clear gel solution is then mixed with the second solution that 
47 
contains the active chemicals. The mixing processes should be carefully controlled; mixing 
sequence, timing of this sequence and the temperature are all found to influence the 
dosemeter properties. A 50/50 mixture was also made for comparison with our normal 
preparation procedure. 
The ferrous sulphate acid solution was made up as follows: 1mM ferrous ions (di- 
Ammonium iron(Il) sulphate 6-hydrate Fe(S04)2(NH4)2.6H20, MW = 392.13, BDH 
Laboratory Supplies, Poole, BH15 1TD, England. ), 0.05 M sulphuric acid (0.8 N H2S04, 
MW = 98.07, May &Baker Ltd., Dagenham, England). These chemicals were mixed in 
high quality Milli-Q water (Millipore (U. K. ) Limited, The Boulevard, Blackmoor Lane, 
Watford, Hertfordshire WD18YW, England. ) to form 25% of the final volume. The ferrous 
sulphate concentration of 1mM was reported to give an optimal sensitivity (Appelby et al., 
1988). However, the lower concentration of sulphuric acid of (0.05 M) used here compared 
with the previously reported concentration of 0.4 M make the gel preparation easier and 
the gel structure more spatially stable. Others have also favoured lower acid concentration 
even though it was found to decrease the sensitivity by about 10% (Olsson et al., 1989). 
Three different gelling agents were used agar, agarose (BDH Laboratory Supplies, 
Poole, BH15 1TD, England) and gelatin (Aldrich Chemical Company, Inc., Milwakee WI 
53233, USA). Agar or agarose gels preparation were made with 1% by weight in the final 
volume and in the gelatin gel case 5% by weight was mixed with 75% water and left to 
absorb it for about 15 minutes. Agar or agarose mixtures are then heated with continuous 
stirring until the gel particles are completely dissolved at a temperature about 95°C. The 
resulting clear solution is cooled down to about 70°C before adding the solution containing 
the chemicals. The gelatin/water mixture is usually heated up to about 45°C and the 
chemical part is normally added at a temperature in the range 35-40°C. Higher temperature 
seems to delay the gelling process, especially for gelatin gelling agents, which have a low 
gelling temperature. Small changes in the concentrations of the chemicals or the gelling 
powder do not cause significant alteration in the properties of the dosemeter. The use of 
5% gelatin by weight as a gelling agent has two advantages over the other two types. 
Firstly, the gel does not required to be purged by oxygen since the solution does not need 
to be heated to a temperature higher than 45°C, so the loss of oxygen is negligible. The 
second advantage is that it is much better to use for optical measurements, because it is 
more transparent than agarose or agar gels. Gelatin powder, however, must be of the 
highest gel strength, about 300 Bloom. 
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3.2. Fricke Gel Dosemeter Characterisation 
The mechanism by which ionising radiation interacts with Fricke gels and the 
resulting products are virtually the same as for the case of the Fricke solutions. Radiation 
fields lose energy through well-understood physical processes, the most important of them 
being photoelectric absorption, Compton scattering, and pair production. The initial 
physical interaction stage happens very fast, within 10.15 to 10-12 of a second, and produces 
excitations and ionisation in the exposed materials; it may also induce atomic or molecular 
rearrangements. From 10"12 to 10"7 of a second the products of this first stage diffuse 
through the system and achieve thermal equilibrium with the surrounding medium. In 
aqueous materials like solutions of hydrated gel, ions and free radicals species emerge at 
the conclusion of this stage (Spinks and Woods, 1976). Reactions in these early two stages 
can be described by looking at the radiolytic decomposition of water. Ionising radiation 
interacts with water within a picosecond to produce mainly ionised or excited water 
molecules, equations (3-1) and (3-2): 
H2O + Radiation --4 H20+ e- (3-1) 
H2O + Radiation -4 H2O* (3-2) 
Rearrangements occur in the products of the early stage, which lead to the production of 
initial water radiolysis species; in particular the fate of the free radicals are of special 
interest: 
e- + n[H201--ý e q. + H+ -o H' 
H2O* -iºH'+OW 
(3-3) 
(3-4) 
These initial products interact with each other or with the surrounding solute in a new stage 
at a time scale of the order of a microsecond after irradiation; example of such 
recombination reactions may be written as follows: 
H' + H' -lý 112 (3-5) 
OH' + 0H' --lý 11202 (3-6) 
OH* +e -q. -ý OH- (3-7) 
OH' + IT -> 1120 (3-8) 
H' + 02 -. HO2' (3-9) 
H' + HO2' -' H202 (3-10) 
OH'+HOZ'-)H2O+02 (3-11) 
e q. + HO2' -) H02- (3-12) 
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Radiolysis products diffuse within the aqueous system to become spatially homogeneous 
and many of these active species initiate further chemical reactions, which then produce 
stable chemical products that can be measured and used to evaluate radiation absorbed 
dose. This discussion is applicable to almost all types of gel dosimetry proposed for 3-D 
dose measurements. In the Fricke gel system in particular the chemical reactions initiated 
by the products of water radiolysis may be arranged into two groups, the first is similar to 
that occurring in ferrous sulphate solution, which can be summarised as follows: 
Fe2+ + OH' -; > Fe3+ + OH" (3-13) 
Fe2+ + HO2' -'º Fe3+ + HO, - (3-14) 
HO2- + H+ -i H2O2 (3-15) 
Fe2+ + H202 -, > Fe3+ + OH* +OH- (3-16) 
The other type of reactions are those enhanced by the presence of organic species which 
start chain reactions that lead to much higher ferric chemical yield. Considering a neutral 
gel molecule MH in the gel aqueous dosemeter system. After irradiation this molecule may 
interact with free radicals existing in the system such as H' and OH' to generate a free 
radical gel molecule M' (Hart, 1952): 
OH'+MH-; ý M'+H2O 
H'+ MH -- M' + H2 
(3-17) 
(3-18) 
The radical M' interacts with oxygen 02 dissolved in the system to produce another radical 
M'02. This latter radical starts oxidation of ferrous ions via the following chain reaction: 
M'+ 02 -4 M'O2 (3-19) 
M'O2 + Fe2+ -4 Fe3+ + M02- (3-20) 
MO1- + H+ -4 MO2II (3-21) 
MOTH + Fe 2+ -- Fe3'' + M'O + OH- (3-22) 
H` + M'O + Fe2+ -4 Fe3+ + MOH (3-23) 
or M'O + MH -4 M'+ MOH (3-24) 
The radical resulting from step (3-24) will restart this chain reaction via equation (3-19). 
This process carries on until competition between all types of active species in the system 
puts a limit to the process. Dissolved oxygen as well as the acid concentration also plays 
important roles in these reactions to influence the overall chemical yield. 
Optical density is the physical quantity commonly measured to assess the absorbed 
dose deposited in ferrous sulphate solutions. The very high optical extinction coefficient 
for ferric solutions compared with that of ferrous solutions at wavelengths of 224 nm and 
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304 nm is the basis on which small changes in ferric ion concentration can he detected. 
However, measuring the optical absorbance in the UV region is impractical for the thick 
gel samples in which three-dimensional dose measurements are required. A gel thickness 
of a few millimetres inside high quality quartz cuvettes was used to measure optical 
absorbance of the samples (Appleby et al., 1988). However, thicker samples will 
completely absorb the low intensity beams used in a normal UV spectrophotometer. This is 
because gel materials strongly absorb UV radiation regardless of its ion content, which is 
not the case for aqueous solutions. In this work a Fricke gel system was studied and the 
dosemeter was characterised initially using alternative techniques that are theoretically 
well understood and have the practical advantage of allowing 3-D measurements 
regardless of the sample's optical properties. Measuring the changes in the system brought 
about by ionising radiation, that is the oxidation of ferrous ions to ferric, using NMR 
relaxation was the key discovery that marked the birth of 3-D dosimetry (Gore et al., 
1984a). Both ion types are paramagnetic but they interact differently with protons in the 
surrounding aqueous gels. Theoretically proton spin relaxation in solutions containing 
paramagnetic ions was well studied long before the start of NMR gel dosimetry (Solomon, 
1955), (Bloembergen and Morgan, 1961). 
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Figure 3-1: Protons NMR signal amplitudes versus echo time for two gel samples one 
contains 0. I mM Fe" and the other contains 0.1 mM Fe`' ions, (A) T, CPMG 
experiment, (B) T, Inversion Recovery experiment. 
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Radiation induced changes in relaxation times T, and T2 were the physical quantities 
measured in this case to obtain quantitative reading of the radiation-absorbed dose; this is 
illustrated by our NMR results shown in figure 3-1. These effects are strong enough to be 
used for obtaining high spatial resolution dose distribution measurements (Gambarini et 
al., 1994). 
The big difference that ferric ion concentrations have on the proton relaxation times 
in gel media is exploited for measuring small changes caused by irradiation. Figure 3-2 
shows a comparison between ferric and ferrous ion effects on the spin-spin relaxation rate. 
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Figure 3-2: Spin-spin relaxation rate R2=1/T2 as a function of Fee and Fe" ion 
concentration. 
OR, (Fe'+) 11.582 
The ratio -= =26.3, which is called the ferric relative enhancement 
AR, (Fe'') 0.44 
ratio, is an important quantitative figure in NMR Fricke gel dosimetry system. This 
experimentally measured ratio matches the theoretical value very closely (Passaad et al, 
, (Fe") 1991). The spin-lattice ratio 
OR 
_ 
8.366 
= 19.778 which is about 751/rß of the spin- 
AR, (Fe-+) 0.423 
spin ratio; however it is still large enough for NMR dosimetry applications. Comparison 
between the spin-lattice relaxation rates of solutions containing different concentrations of 
ferrous or ferric ions is shown in figure 3-3. 
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Figure 3-3: Spin-lattice relaxation rate R, =//T, as a function of Fe'' and Fc" ion 
concentration. 
Theoretically speaking the spin-spin relaxation rate R2 is a better parameter than the spin- 
lattice relaxation rate R, for measuring absorbed doses because the amount of change per 
unit ferric ion concentration is larger. This fact is also verified experimentally and it can be 
seen clearly in figure 3-4. 
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Figure 3-4: NMR relaxation rates R1=I/Ti and R, =1/T, as a function of ferric ions 
concentration. 
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In practice both parameters have been used; R2 is more common when quantitative 
measurements are obtained directly from a bench-top NMR spectrometer. On the other 
hand Ri is used much more frequently in dose imaging or qualitative experiments. 
Therefore, either of the two relaxation rate can be successfully utilised to extract dose 
distribution measurements and the selection between these parameter is simply a matter of 
what set up is preferred by the individual carrying out such experiment. From our practical 
experience on this subject we found it easier to extract R, from the images obtained by the 
MRI, however R2 is easier to measure when relaxometer MARAN is used. The equipment 
available, time required to perform the measurements the set-up of the experiment and its 
objectives may have a role in the decision to choose one of the relaxation rates not the 
other. 
Understanding the composition of the Fricke gel dosemeter, its sensitivity to ionising 
radiation, the changes caused by radiation energy deposited in the gel and the mechanism 
by which these changes are measured are important fundamental issues that need to be 
studied before discussing the practical properties of the system and it application for 3-D 
radiation dosimetry. 
3.2.1. Fricke Gel Dose Response Curve 
Quantitative measurements of relaxation times 71 and T2' for irradiated ferrous 
sulphate gelatin samples were usually made using MARAN-20 NMR relaxometry. The 
results are presented in the form of relaxation rates `R, =IITI, R2=1/l2' which have first 
order linear relationship with the absorbed dose. Figure 3-5 shows Fricke gel dose response 
curves plotted for both relaxation rates. The dose response curve illustrates many important 
properties of the system as well as giving a good indicator normally employed to study, 
develop and use of any dosimetry system. The linear regression coefficient 'S' shows the 
amount of change in a measured parameter per unit absorbed dose and hence it is used here 
as a measure of the system sensitivity. This graph give Fricke gel sensitivity values of 
S1=0.038 Gy"'s'1 and S2=0.044 Gy"ls"' for RI, R2 linear best fits respectively. 
A linear dose range up to about 400Gy may be achievable with the Fricke solution 
dosemeter by increasing the oxygen content of the system. Dissolved oxygen is even more 
important in the Fricke gel due to its involvement in the chain reaction initiated by the gel 
organic content as described by equation (3-19). For this reason agar and agarose gels 
require to be purged with oxygen gas to maintain the system dissolved oxygen, which 
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otherwise is reduced when bringing the gel solution close to boiling point in order to 
dissolve gel particles. 
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Figure 3-5: Fricke gel dose response curves. 
The regression constant gives the zero reading which is the value of a particular 
parameter before exposing gel materials to radiation. Irradiated sample readings can be 
normalised to the zero reading if required. The chemical yield in the Fricke solution is well 
determined but this is not the case in Fricke gels where the chemical yield of ferric ions 
cannot be established precisely. A few attempts have been made to obtain the chemical 
yield in Fricke gels by relating it response to the `15.6 per 100 eV' value of the solution 
form and this method gave values ranging from 45 (Audet and Schreiner, 1997) up to 185 
(Gambarini et al., 1994). This shows the difficulties facing attempts to establish the 
absolute chemical yield of Fricke gels and therefore this method should he considered as 
relative method. Accordingly the dose range over which the Fricke gel response is linear 
may be safely estimated to be from I to about 40Gy. As for the effects of dose rate it is 
known that Fricke gel behaviour is very similar to its solution form; that is in the range up 
to 40 Gy s-1 no effect was noticed (Fricke and Hart, 1966). The minimum detectable dose 
that can be measured using the Fricke gel dosemeter is about the same as the widely 
accepted value for the Fricke solution system, that is about 1 Gy (Olsson et al., 1989); this 
is due to limited signal to noise ratio in NMR measurements (Prasad et at., 1991). 
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3.2.2. Advantages and Disadvantages of the NMR Fricke Gel System 
The most important advantage of NMR Fricke gel dosimetry is its ability to provide 
non-invasive three-dimensional dose distribution measurements. Manufacturing the gel 
detection medium is relatively easy, the chemicals involved are not dangerous to the health 
of users and they are readily obtainable at low cost. Enormous practical experience with 
the Fricke solution dosemeter offers solid ground on which the gel variant is based; this 
last may be added to the system's advantages since most Fricke gel properties are similar 
to that of the solution. In gel materials in principle the dosemeter phantom can be produced 
in any shape or form to simulate specific organ or body part under investigation. This 
provides a possible method of quality assurance for realistic treatment planning dosimetry 
calculations. 
The disadvantages of the method may be sorted into two categories. The first 
involves problems with the dosemeter materials, and the other is related to the readout 
technique applied in this method. Diffusion of ions through the gel is the most serious 
problem with Fricke gel materials since it spoils the dose patterns by introducing a blurring 
artifact that increases with time. This effect can be minimised though it cannot be 
eliminated completely and it is intrinsic to the Fricke system. Another difficulty related to 
the materials is the importance of dissolved oxygen for the chemical reaction to proceed. 
This may cause this system to have lower sensitivity and lower linear dose range or 
radiation quality dependence. On the other hand, the low sensitivity of the NMR readout 
procedure is the most basic difficulty that affects this novel 3-D dosimetry method. With 
the Fricke gel the time required to obtain 3-D measurements has special importance 
because of the time-dependent diffusion process that cause the blurring in the images and 
hence the gradual loss of the dose pattern. The technology at this point of time does not 
help in this regard, although the MRI method is improving quickly and astonishing 
applications in medical diagnostic imaginghavebeen established. The technique is regarded 
as an expensive method and to some extent slow when large number of slices with sub- 
millimetre resolution are required, for example, to build a 3-D dose distribution image. 
Availability of MRI scanners is also a limitation since the cost of MRI scanners is still 
high. MRI-based dose measurement will always remain dependent on existing equipment, 
which are almost all the time fully booked for clinical use and generally far from most 
dosimetry laboratories 
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3.2.3. Contributions Made to the Development of the Fricke Gel System 
For gel production, our investigation showed that sodium chloride is not a necessary 
component, and therefore gel preparation can be simplified. Our recommendation to 
eliminate this chemical is based on understanding the gel materials role in the dosemeter 
response mechanism as well as on practical verifications through a comparison between 
batches containing this chemical and batches without. On the gel type question, there is no 
strong evidence that the gel types are very different in their function, however the 
differences in the gel types' physical properties such as melting point and viscosity may 
influence the selection of particular gel powders. But the dosimetric qualities of the system 
are not related to the gel type. Our recommendation is to use gelatin instead of agar or 
agarose because it makes gel manufacturing simpler since it dissolvesat lower temperature; 
which means there will be little loss of dissolved oxygen, in contrast to what happens when 
agar and agarose water mixtures are boiled during gel production. 
On the readout technique, the two physical parameters from which dose 
measurements are obtained were found to give very similar sensitivities. Fricke gel 
response studied by measuring T1 or T2 relaxation times are quite similar and therefore the 
selection of one or other parameter may be governed chiefly by the hardware used to 
obtain these measurements. In practice, T1 measurements were made more simply and 
quicker by extracting quantitative values from images obtained by standard whole body 
MRI scanners. In contrast, T2 measurements were achieved easly and faster with a bench 
top NMR relaxometer `MARAN-20'. Attempts to solve the Fricke gel diffusion problem 
were made firstly using ion exchange resins. The concept was as follows: ferrous ions 
would be absorbed in the resin and when radiation energy causes oxidation the resulting 
ferric ions would have little chance to diffuse inside the resin particles. This project was 
found to be much more complicated than first thought. More information on this idea will 
be discussed in chapter 5 of this thesis that considers the diffusion problem in all types of 
gel that contain ions. Similarly other chemicals that are known to be able to bind iron ions 
as part of their molecular structure were used for studies aimed at limiting the movement 
of ions to slow down diffusion. Most important of these was the use of xylenol-orange ion 
indicator, which was used first with other chelators to reduce ion diffusion (Rae et al., 
1996). The use of Fricke gels doped with xylenol-orange led to a new method with far 
better characteristics than the above mentioned systems and that become the main subject 
of investigation, see chapters 4 and 5. 
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4. Experimental Studies on the Polymer Gel Dosemeter 
The polymer gel system uses radiation-induced polymerisation and cross-linking of 
acrylic monomers and co-monomers, which are uniformly diluted in an aqueous gel, as a 
measure of the absorbed dose. The formation of cross-linked polymers in irradiated regions 
of the gel increases the NMR relaxation rates of the neighbouring water protons in the 
exposed locations. The increase in relaxation rate is proportional to the amount of 
acrylamide polymers produced in the gel, which in turn is related to the amount of 
radiation field energy absorbed in that volume; i. e. the absorbed dose. Therefore, 
polymerisation in the polymer gel system plays a similar role to the oxidation of ferrous 
ions in Fricke gels. Hence the MRI readout technique is again able to give three- 
dimensional images of the dose distribution produced by ionising radiation. Combination 
of the polymerisable gel medium and the MRI readout technique gives rise to a dosimetry 
system that is capable of measuring radiation absorbed dose distributions non-invasively 
resulting in stable three-dimensional dose maps for complex non-uniform irradiation. The 
unique advantage of polymer gels is the stability of their post-irradiation response since 
there is nothing equivalent to the ion diffusion, which occurs in Fricke gels. However 
problems with the manufacturing process as well as user safety questions limit wider 
application of the method for normal dosimetry practices. Nevertheless, the most 
successful polymer gel recipes were followed to confirm the dosemeter characteristics, to 
identify its disadvantages and in order to suggest solutions to solve these problems. 
Various workers have studied a number of different Polymer Gel (PG) compositions 
in the past ten years or so. The first to be produced (PG-1) consisted of acrylamide 
monomer, N, N'-methylene-bis-acrylamide co-monomer, nitrous oxide and agarose gelling 
powder (Maryanski et al., 1993). This type is mentioned here for its importance in the 
historical development of the polymer dosimetry method, but it has not been used in this 
research project. Small modifications were introduced to the PG-1 system, which brought 
the second generation of polymer gels (PG-2) (Maryanski et al., 1994). Nitrogen gas was 
used instead of nitrous oxide and agarose gelling powder was replaced with gelatin. This 
dosemeter known in literature as BANG® type gel has been widely studied and became the 
first commercially available gel dosemeter. Another modification to the PG-2 formula led 
to the birth of a third generation polymer gel dosemeter (PG-3), which contains 3% N, N'- 
methylene-bis-acrylamide, 3% acrylic acid, 1% sodium hydroxide, 5% gelatin and 88% 
water. All these components are percentages by weight in the final mixture. The 
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acrylamide was replaced with acrylic acid mainly for safety reasons (Maryanski et al., 
1996). 
The polymer gel method developed further with time and a sensitive formula was 
produced and became commercially available (MGS Research Inc., Guilford, CT, USA. ). 
This may be considered to be the fourth generation polymer gel (PG-4), which includes 
methacrylic acid monomers only. This gel type is reported to have NMR sensitivity more 
than ten fold higher than previous versions (Maryanski et al., 1999). In all cases dissolved 
molecular oxygen, which inhibits free-radical polymerisation, should be removed. Other 
aspects of the preparation protocol are the same as that for previous versions of polymer 
gels. 
In our initial work, effort was concentrated on the third generation polymer gel PG-3, 
which was found to have similar characteristic to PG-2 but with reduced health hazard. 
The aim was to manufacture the material, reproduce the reported gel data, understand its 
response mechanism, and to work on ways to improve the method. In the event this gel 
type was not given the same degree of attention as PG-2 has had from other researchers 
working in the field since priority in this research was switched to a completely different 
system which limited the time and effort required to develop the system further. 
Nevertheless, the goals of this study were achieved in good measure; the materials were 
manufactured and tested, and a good understanding of the system response mechanism, the 
function of each components, the special preparation requirements as well as the safety 
scares associated with the acrylamide were carefully considered. This experience with the 
polymer gels played an essential role in convincing us follow different direction and to 
develop a completely different dosimetry system. 
4.1. Materials and Methods 
The Polymer Gel (PG-3) comprises 3% weight-by-weight (w/w) N, N' methylene- 
bis-acrylamide (CH2CHCONH)2CH2 cross-linking co-monomer, 3% (w/w) acrylic acid 
CH2CHCOOH, 1% (w/w) sodium hydroxide NaOH required to make the gel pH neutral, 
5% (w/w) gelatin - 300 bloom gel strength, and 88% Milli-Q water. All these components 
are taken by weight of the final mixture. 
The dosemeter was made up as the follows: first the Milli-Q water was deoxygenated 
by bubbling nitrogen gas through it, then the gelatin powder was added to the required 
volume of water, then the mixture was left at room temperature for about 15 minutes. When 
the gelatin is swollen by water uptake, it is put into a 50°C water bath to dissolve. At this 
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stage the mixture should appear as a clear liquid. Then the other materials were added 
carefully and the new mixture was stirred using small magnetic stirrer until the co- 
monomer is completely dissolved and again the mixture appears as clear solution. All these 
preparations were done under a nitrogen atmosphere in a glove box with a nitrogen tube 
supplying nitrogen gas into the solution inside the containing flask. Samples then were 
taken, sealed and placed in an ice-water bath to accelerate the gelling process. At this time 
gel samples became ready for irradiation. The resulting dosemeter is very sensitive to light 
hence the glove box was covered with black plastic sheets and the samples were wrapped 
with lightproof materials. 
Irradiation was made with the 60Co gamma-irradiation facility, which can deliver 
about 0.6 Gy per minute. After a reasonable waiting time required for the polymerisation 
process to be completed, quantitative measurements of the changes in the sample's 
relaxation times was obtained from MARAN, a bench top relaxometer operated at 20 MHz 
with sample temperature controlled to a preset value throughout the measurements. 
4.2. Polymer Gel Dosemeter Characterisation 
In the polymer type gels the initial interactions with ionising radiation do not differ 
from those described in the ferrous-sulphate gel. However, reactions that follow the 
production of free radicals are completely different. Free radical polymerisation which is a 
complex chemical process is the principle mechanism that make the materials sensitive to 
radiation. The cross-linking polymerisable co-monomer (BIS) shown in Figure 3-7 (a), 
responds to radiation energy by forming linear polymer chains where the electron-rich sites 
in the co-monomer molecule make bridges between the polymer units. An example to 
demonstrate this kind of polymerisation process involving BIS co-monomers is shown in 
figure 3-7 (b). 
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Figure 3-7: (A) BIS cross-linking co-monomer molecular structure; (B) Linear 
polymerisation of cross-linking co-monomer. 
A quantitative assessment of the PG-3 gel dose response using both NMR relaxation 
rates RI and R2 is plotted in figure 3-8. It shows that the spin-spin relaxation rate R2 
parameter is far more sensitive than that of the spin-lattice relaxation rate R,. 
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Figure 3-8: Polymer gel PG-3 dose response curves, spin-spin and spin-lattice 
relaxation rate measured with MARAN-20MHz at - 5°C sample temperature. 
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These measurements were made with the MARAN-20MHz at a sample temperature 
of -5°C. The gel response is linearly proportional to absorbed dose in the range of about 0 
to 15 Gy, see figure 3-9. Usually the dosemeter response is assumed with high confidence 
to possess a linear relationship with absorbed dose in the range 0- 10 Gy, which is 
sufficient for radiotherapy dosimetry applications. Figure 3-9 also demonstratesthe PG-3 
dose response linear best fit, which gives a PG-3 dosemeter sensitivity of about 0.25 s-' per 
Gy. The repeatability of dosemeter measurements obtained from different PG-3 batches 
but with the same experimental setup was found to be acceptable, being estimated to be 
within a margin of 5%. This marginal variation increases when the relaxation time become 
shorter i. e. at high doses due to the difficulty of measuring hydrogen relaxation times in 
solid dominated samples, see for example the errors in measuring R2 dose response figure 
3-8. 
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Figure 3-9: PG-3 dose response curves plotted using the most commonly employed 
parameter R,; it shows the saturation level at about 20 Gy and illustrates the linearity 
of response and sensitivity in the range 0- 10 Gy, as well as its zero reading. 
Two important parameters should be selected carefully when NMR readout 
technique is used because the dosemeter reading depends sensitively on them, and 
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therefore for the dosemeter quantitative characterisations to be meaningful they should he 
measured under the same experimental set-up. The first of these two factors is the 
temperature of the gel samples during NMR measurements. This factor was studied using 
the MARAN-20, which was provided with a temperature control unit. The response of the 
same dosemeter batch was measured at 5 different temperatures. Figure 3-10 demonstrates 
clearly that PG-3 sensitivity which is 0.223 s-' per Gy when measured at a temperature of 
about 5°C falls by about 60% when the measurements are made at 25°C. Dosemeter 
readings were normalised to the control set of unirradiated samples, and irradiation in the 
6°Co gamma-ray unit was made immediately after preparation with the NMR 
measurements being performed one day later. A plot of the dosemeter sensitivity against 
sample temperature during measurement, figure 3-11 shows that the rate at which the 
dosemeter sensitivity is reduced when the sample temperature increases during the 
measurements by one degree centigrade is about 0.0068 or about 3%. Therefore in any use 
of this dosimetry system measurement temperature must be given and relevant corrections 
should be applied. 
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Figure 3-10: The effect of measurement temperature on the dosemeter response. 
The second important factor is the frequency at which the NMR measurements were 
made; all investigations in this study were made with the single available frequency of 
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20MHz of the MARAN relaxometer. It was not possible to study this specific problem, but 
clear evidence from literature shows the existence of this effect as well as the importance 
of frequency selection on the polymer gel characteristics. An early study on the first type 
of polymer gel, PG-1, shows big differences between the changes of the gel relaxation 
rates per unite absorbed dose at different NMR frequencies. Taking spin-spin relaxation 
rate, for example, the gel response curve slope changes as the following 0.22 s-I Gy-1,0.28 
s-1 Gy-' and 0.67 s-1 Gy-' when the measurements were made at 20,60 and 85 MHz 
respectively (Maryanski et al., 1993), we could not practically verify this effects but no 
doubt the same applies to PG-3. 
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Figure 3-11: Effect of sample temperature during NMR measurements on the 
dosemeter sensitivity. 
Optical readout technique was mentioned as a possibility from the early attempts to 
develop polymer gel systems(Maryanski et al., 1993). This was just a hypothesis based 
only on the visual changes in the optical turbidity of irradiated gels. Polymer gel optical 
density was measured and found to increase with increasing radiation absorbed dose, 
which can be explained by an increase in the light scattering from the polymer particles in 
the irradiated regions of the gel (Maryanski et al., 1994). Optical Density measurements of 
irradiated PG-3 gel samples measured using the Camspec spectrophotometer in the Surrey 
Physics Department is presented in figure 3-12. 
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Figure 3-12: PG-3 dose response curve, measurements made at 632 nm optical 
wavelength. 
Both the high cost and limited availability for dosimetry application of NMR 
systems, which are usually extensively used for other diagnostic applications, were strong 
motives for more research on developing an optical technique. This would include study of 
the polymer gels optical features and their application to three-dimensional dosimetry at 
much lower cost than the NMR method (Gore et al., 1996) and (Maryanski et al., 1996). 
A major disadvantage associated with all types of polymer gels studied is the 
difficulty of manufacturing them. No trace of oxygen must be allowed into the system 
before irradiation (Hepworth et al., 1999). Achieving that as well as maintaining gel 
samples free of oxygen has proved not to be simple. The deleterious effect can he 
explained by the inhibiting effect that oxygen has on the free-radical polymerisation. Since 
most plastic materials are permeable to atmospheric oxygen, and they can also dissolve 
oxygen and then release it slowly into the gel aqueous media, the difficulties of 
manufacture and pre-irradiation storage of these types of gel under normal conditions 
without its sensitivity being affected became very clear. A novel method to overcome the 
oxygen problem has been proposed. The basic hypothesis and some encouraging results 
from its practical pilot study are described. Oxygen, a highly reactive element, is abundant 
in the atmosphere and is able to diffuse though most organic containers. Therefore it is 
suggested that a selected substance be added to the gel to scavenge oxygen by interacting 
with it, which would prevent it from occupying the sensitive sites at which polymerisation 
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takes place when the gel is exposed to ionising radiation. Therefore it would be possible to 
produce the dosemeter under normal laboratory conditions and in case of any delay in 
irradiating the gel samples no severe effects on it response should be observed. As a 
candidate for the proposed additive the protoporphyrin IX molecule is suggested. Its 
molecular structure is sketched in figure 3-13. The molecular structure indicates that the 
presence of this chemical in the gel may also allow it to participate in the polymerisation 
process in addition to its main function, which is capturing dissolved oxygen. The 
experimental results we obtain 'not reported here' showed that clusters of polymer particles 
have been produced by irradiation, but unfortunately this project was not given much time 
and so no extensive quantitative measurements have yet been made. Some of the 
difficulties with this experiment were first, the protoporphyrin IX is in solid form and no 
suitable solvent that does not have side effects on the gel were found, hence the trial was 
stopped at this stage. When high acid concentrations were used it affects the gelatin gel 
structure, which becomes week and can not support the polymer molecules against the 
gravity force and hence they sank slowly to the sample base. Also a natural polymerisation 
was noticed might be due to light temperature effects or it could be intrinsic property of the 
system 
Cf I, =CH, CO, H 
c112= 
EI, =CH, CO, H 
CH; 
Figure 3-13: Protoprophyrin IX molecular structure, sites that may involve in further 
polymerisation are marked with red text. 
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4.3. Polymer Gel System Advantages and Disadvantages 
The major advantage of this gel type over the Fricke or similar gels that depend on 
chemical reactions with ions is the absence of diffusion of the induced chemical changes. 
Therefore, the spatial radiation dose distribution is stabilised and this then allows the 
irradiated gel phantom to be imaged at any time after irradiation. Polymer gel preservation 
of the dose distribution patterns may be kept for future re-examination and records. The 
possibility of using an optical readout technique gives the system another substantial 
practical advantage. 
The polymer gel system also has some intrinsic disadvantages; the most important is 
the problem with atmospheric oxygen mentioned earlier which is demonstrated by the loss 
of sensitivity if oxygen is found in the system or diffuses into it at any time before 
exposing it to radiation. Another difficulty with this material is that the acrylamide 
monomer, which is an important component, is neurotoxic and a carcinogen and therefore 
important safety measures must be taken during the preparation process. Because of these 
problems the polymer system has not been commonly used in normal dosimetric practices 
and it mostly remains at the level of an active research topic. Polymer gels are usually 
sensitive to fluorescent or daylight and therefore they should be protected when used for 
precision measurements. A control sample is essential not only to correct for light effects 
but also to monitor all other effects that may arise from changes in the ambient conditions, 
or small differences in the water or chemicals used, or minor differences in the preparation 
and application methodology. 
5. Conclusions 
Studies of both gel dosimetry systems show that in order for the new 3-D dosimetry 
method to fulfil the requirements of radiotherapy dosimetry and to be practically 
convenient, radical solutions to the problems associated with each system need to be 
found. This may involve modifying the detection media and / or the imaging readout 
techniques. Each of the systems mentioned has some strong points as well as weaknesses, 
hence optimisation of all these factors should be applied in order to gain maximum benefit 
from the method. Understanding the principles of ferrous-sulphate and polymer gel 
dosemeters, their characteristics, and the advantages and limitations of each method 
provide a solid foundation on which any developments should be based. Carrying out these 
initial studies helped us to go on to develop a new gel formulation discussed in chapter 4 
and led to the invention of a novel readout technique, which is described in chapter 5. 
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Chapter 4 
FERROUS XYLENOL ORANGE GELATINE 
(FXG) GEL SYSTEM 
1. Introduction 
A modification of the Fricke system to make it suitable for low-level dosimetric 
studies was proposed almost thirty years ago (Gupta, 1973). Xylenol orange metal ion 
indicator was added to the Fricke chemical dosimetry system and the radiation effects can 
then be seen by a visible colour change. Studies of the ferrous-sulphate dosemeter with UV 
spectrophotometry indicated that a colour change reaction at visible wavelengths would 
allow much smaller changes of ferric ion concentrations, (the order of 10"7M) to be 
measured and hence a much more sensitive detection system compared with the 
conventional Fricke dosemeter should result (Fricke and Hart, 1966). Quantitative optical 
measurements were made in order to evaluate such a system and the new material's optical 
absorption change as a direct response to radiation energy deposition was found to have a 
maximum centred at 540 nm, and increases linearly with radiation absorbed dose. This 
effect was explained by the fact that ferric ions form a complex with xylenol orange that 
has maximum absorption at the wavelength mentioned, while ferrous ions do not form the 
same complex. Therefore changes in the ferric ion concentration results in a proportional 
change in the absorption in the visible region of the light spectrum. This process offers the 
sort of colour sensitive reactions required to increase the sensitivity of ferrous-sulphate 
dosemeter spectroscopic measurements and thereby reduce the minimum detectable dose 
(Fricke and Hart, 1966). 
A ferrous-sulphate, benzoic-acid and xylenol orange (FBX) dosemeter was used for 
60Co teletherapy dose measurements and its readings compared well with both the 
conventional Fricke solution and a graphite ionisation chamber (Gupta et al., 1982). The 
ferric ions chemical yield of the FBX dosemeter and the variation caused by using different 
sources of xylenol orange materials was also studied (Gupta and Narayan, 1985). 
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The modified chemical system made by Gupta was infused into agarose gel and its 
optical density was measured (Appleby and Leghrouz, 1991). Oxygen dissolved in the 
FBX system was found to be play an important role (Gupta, 1994). The first uses of this 
gel type for 3-D dosimetry depended on the nuclear magnetic resonance NMR imaging 
technique (MRI) for readout. Later, several attempts were made to measure absorbed dose 
distributions employing changes in the system's optical properties in the visible region of 
the spectrum (Kelly et al, 1998), (Bero et al., 1998) and (Gambarini 1999). 
This chapter describes the work done on the new dosimetry form, which is in 
principle a modification of the ferrous sulphate gel dosemeter. The objectives were first to 
produce a high sensitivity radiochromic detector and then by carefully studying the new 
medium's ingredients, gaining a better understanding of their roles and hence achieving the 
optimum combination of materials as well as developing a simple practical manufacturing 
methodology. An additional aim was to show the possibility of using such a system for 
three-dimensional dosimetry in combination with a novel fast optical tomography readout 
technique. The proposed dosimetry system may not be able to overcome all the problems 
identified with previous systems but definitely is capable of minimising them by making 
the handling of the detector materials safer, data acquisition faster and the technique in 
general more convenient reliable, and more widely available. A ferrous-sulphate dosemeter 
with xylenol orange ion indicator incorporated in a gelatin gel matrix was prepared, its 
optimal composition was studied first, then it was quantitatively characterised by 
spectrophotometry, and finally two readout techniques, MRI and optical tomography, were 
compared. 
2. Materials and Methods 
Most of the materials employed to manufacture an FXG dosemeter have already 
been described in previous chapters because they are also used to make Fricke gels. But 
two substances have not generally been used before, the first being the ion indicator 
xylenol orange sodium salt, which is the most important new chemical introduced into the 
conventional Fricke gel. The other chemical employed was benzoic acid, which is used by 
many investigators in this field, and consequently we used it for some early preparations, 
and then we studied its function and found it not to be necessary. In the following sections 
the materials used to produce FXG dosemeter will be briefly presented with some details 
concerning the ion indicator. The Gel preparation method, irradiation procedures and 
readout techniques will be also described. 
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2.1. Materials 
Gelatin gel powder (C17H32N506)x with gel strength indicator about 300 Bloom, 
(Aldrich Chemical Company, Inc., Milwaukee, WI 53201, USA) was used for almost all 
preparations. Two other gelling agents, namely agar and agarose, have been tried but found 
not to be useful particularly with the optical method because they form rather translucent 
materials that is not desirable for absorbance measurements. Milli-Q® high purity water 
was the main source of water required for making the gel. Ferrous ammonium sulphate 
hexahydrate, Fe(NH4)2(SO4)2 6H20, analytical grade, (BDH Laboratory Supplies, Poole, 
BH15 1TD, England), and sulphuric acid, H2S04 98%, (May &Baker Ltd., Dagenham, 
England) were major constituents. Benzoic acid C6H2CO2H (Aldrich Chemical Company, 
Inc., Milwaukee, WI 53201, USA) was used in some of the early preparations before it 
was removed from the FXG recipe after its role became better understood in order to 
simplify the dosemeter manufacturing method. A key component is Xylenol orange- 
sodium salt, C31H28N2O13SNa4 which moves the absorption bands from the UV into the 
visible. This is a metal ion indicator that is known to form colour complex with Fe 3+ ions 
but does not have any complex with Fee+. Xylenol orange molecular structure is shown in 
the following, figure 4-1. 
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Figure 4-1: Xylenol-orange, sodium salt molecular structure. 
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Firstly, one gram of xylenol orange sodium salt Aldrich Chem. Co. (P. O. Box 355, 
Milwaukee, WI 53201, USA) (Catalogue No. 39,818-7, ACS reagent grade) was purchased 
and used during the first two years of this project. A second 5 grams batch of xylenol 
orange sodium salt (A. C. S. reagent product number X-0127), 3,3'-bis [N, N- 
Di(carrboxymethyl) aminomethyl]-o-cresol sulfonphthalein), was later purchased from 
Sigma Chemicals (St. Louis, MO 63178, USA). Small differences in the FXG absorbance 
spectra were noticed, which maybe due to using different batches from different suppliers 
(Gupta and Narayan, 1985), see table (4-1) for details. 
Table (4-1): FXG dosemeter chemical compositions and their concentrations. 
Component Chemical Formula Concentration range 
Water H2O 90 - 98 % w/w 
Gelatin (Ct7H32N506)X 5-10%w/w 
Agar & Agarose C12H1405(OH)4 1-1.5%w/w 
Ferrous Ammonium Sulphate Fe(NH4)2(SO4)2 6H20 0.1 -2 mM 
Sulphuric Acid H2SO4 10-400mM 
Xylenol Orange, Sodium Salt C31H28N2O13SNa4 0.01 - 0.2 mM 
Benzoic Acid C6H2CO2H 1-5 mM 
2.2. FXG Preparation 
The dosemeter preparation procedure was found to affect the system performance 
considerably. Therefore, based on accumulated experience from the using other gel 
detectorsa protocol was designed and rigorously followed in making the dosemeter. The 
system is usually made from two parts, the gel part, which provides 75% of the final 
volume and the active chemicals part, which makes up the other 25%. The first part was 
always made the same way with 5% by weight of the final volume gelatin powder. Gelatin 
was mixed with 75% of the dosemeter volume of water and left for about 15 minutes to 
absorb. This is not a strict requirement but it is equal to the time taken to make up the 
chemical part. Then the water-gelatin powder mixture is heated and continuously stirred 
with a magnetic stirrer until the powder has completely dissolved and a clear solution is 
obtained. Raising the temperature above 40°C dissolves the gelatin particles forming a 
clear solution. In practice this heating process was continued until the solution reached 
45°C to ensure that all gelatin particles are completely dissolved. When other gelling 
71 
powders such as agarose and agar are used the gel fraction was 1% w/w and the heating 
process was continued up until 95°C. 
The preparation of the active chemical part was more complicated and time 
consuming, and the selection of the chemicals required, their concentrations as well as the 
sequence used to mix these materials, were found by trial and error. The dosemeter 
performance was found to be sensitively dependent on the material compositions and the 
preparation methods. Therefore it was not a simple task to discover the required 
combination of these chemicals to give the optimal desired characteristics for the proposed 
system. It also depends on the sort of application the system is designed for, the objectives 
of these applications, and the conditions under which this dosemeter is to be used. It was 
concluded that in the production of the radiochromic gel, compromises must be made in 
order to achieve the best overall results. The proposed gel system comprises essentially 0.5 
mM Fe2+, 0.25 mM H2SO4 and 0.1 mM xylenol orange. The concentrations of these three 
chemicals were selected by considering a common application of the 3- D dosimetry 
method, namely for radiotherapy dosimetry. The role of each of these chemicals in the 
FXG system was carefully studied and will be presented later on in this chapter. The 
sequence of mixing these chemicals may affect slightly the dosemeter properties and a 
fixed methodology for FXG gel preparation was followed in order to minimise any side 
effects caused by variations in gel preparation. Stock solutions of xylenol orange (XO) ion 
indicator were made up in 1 mM concentration and stored in a refrigerator so that it can be 
used a number of times to prepare small batches of FXG gel. For each batch 10 % of the 
dosemeter final volume was taken from the XO stock solution and added lastly to the 
mixture of ferrous ions in acid solution to make the 25% chemicals part. Then it was mixed 
with the gel-water solution at about 35°C and the resulting solution becomes a fairly solid, 
transparent and homogeneous gel when it is cooled down to its setting point. 
Glassware was usually cleaned using warm tap water and a surface-active 
decontaminating cleaning agent, Decon-90 (Decon Laboratories Limited, Sussex, UK), and 
then thoroughly rinsed in distilled water. All samples and solutions were covered and made 
airtight during storage periods in order to reduce their exposure to bright light and prevent 
evaporation of water from the aqueous gel samples. All other preparation procedures were 
common laboratory practices with no special conditions. 
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2.3- Irradiation Procedures 
The majority of irradiation exposures utilised to study the response of these materials 
were done using a 60Co gamma source, the Hotspot 60Co irradiator. This gave a dose rate 
ranging from 0.8 Gy min-' in early 1997 to 0.5 Gy min" in the year 2001 and therefore it 
can deliver doses up to 30 Gy (which covers the range used in radiotherapy) conveniently 
and quickly. Irradiation was generally performed within a few hours to a day after the 
preparation of FXG and the optical absorption measurements, which can be done almost 
immediately after irradiation, were recorded within an hour or less. Other radiation sources 
were used when necessary; X-ray tubes operated at 50 kVp, 70 kVp and 100 kVp were 
used to create 3-D radiation patterns. 
2.4- Optical Measurements 
Optical measurements were obtained from a Camspec-350 double beam UV-visible 
spectrophotometer. The instrument was operated in both scan mode and single scan mode. 
Prior to the measurements, a new base line was always acquired either with an empty 
PMMA cuvette, or with an unirradiated control sample, which was mounted in both the 
reference and the scanning beams. Therefore, the absorption of the container material was 
cancelled out and any detected changes are due to the gels only. The absorption spectra of 
different FXG gel samples were acquired in the wavelength range 300 nm to 700 nm at 1 
nm intervals. This covers almost all the visible light spectrum, and revealed several 
important features after the gel was exposed to ionising radiation. Most important is the 
increase in this material's light absorption in the range 475-650 nm with increasing 
absorbed dose, with maximum changes at about 585-590 nm. Also this material shows 
decreasing optical absorbance in the range 375-475 nm as the dose increases, with 
maximum changes about 440 nm, see figure 4-2. FXG gel optical properties were studied 
in order to characterise this gel for use as an ionising radiation detector. If a is the optical 
absorption coefficient of the irradiated gel and as is that for the same sample before 
irradiation at the wavelength chosen for the measurement, the percentage transmission of 
the sample after irradiation is: 
T= I/10 = e-(a-ao) 
1 (4-1) 
where t is the light path through the sample. In terms of absorbance: 
A=1o g1 
Aa 
=0.434(a-'a) t ýo T 2.3 ° (4-2) 
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The changes in the optical density were found to change most rapidly with dose at two 
wavelengths, 440 and 585 nm. With the optimal concentrations of the active chemicals, the 
system's linear response range covers the dose range used in radiotherapy. Before any 
irradiation the gel looks pale yellow due to an absorption peak centred in the blue at 440 
nm in the acquired spectrum. By increasing the radiation dose this absorption peak starts 
fading away and another broad absorption peak centred at 585 nm gradually builds up. 
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Figure 4-2: Irradiated FXG gel samples optical absorption spectra obtained using 
empty cuvettes to define a new base line. 
Radiation absorbed dose within the dosemeter linear response range can he 
calculated according to the expression: 
D 
e1G(Fe")p 
where AA is the observed optical absorbance change between the irradiated and non- 
irradiated sample, F- (M-1 cm-1) is the gel molar extinction coefficient at the wavelength of 
interest at room temperature, l is the light path length (cm), G (Few) is the radiation 
induced reaction chemical yield, and finally p is the density (kg/ litre). 
After the scanning laser beam optical tomography readout method was shown to give 
3-D dose maps in polymer gel (Gore et al., 1996) a few attempts to use a similar technique 
with ferrous sulphate agarose gels doped with xylenol orange were reported (Kelly et al., 
1998). A similar dosemeter was quantitatively analysed using the spectrophotometric 
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method, and 3-D dose measurements were obtained using a CCD camera to measure the 2- 
D transmittance of a stack of irradiated thin disks containing the gel materials, which 
formed the three-dimensional cylindrical phantom (Gambarini et al., 1999). At Surrey we 
started this project with two inter-connected objectives. The first was to make gel materials 
with improved optical properties to suit the requirements of a novel fully automated optical 
tomography system using broad beam illumination (Bero et al., 1998). Agarose gels are 
rather cloudy and they are not ideal for optical absorption tomography especially with 
large sized samples. The second objective was to design and build an optical tomography 
scanner that will be discussed in the next chapter of this thesis. 
This chapter describes the ferrous sulphate, xylenol-orange and gelatin gel (FXG) 
system characterisation using quantitative evaluation in part by NMR, but principally by its 
optical properties. Its optical response to ionising radiation at a wavelength of 585 nm, 
where the absorption spectrum shows maximum changes per unit absorbed dose, is of 
particular interest 
2.5- NMR Measurements 
Quantitative NMR measurements were made for a similar batch of gel samples. 
Spin-lattice R1 (1/T1) and spin-spin R2 (1/T2) relaxation rates were obtained by putting the 
samples in 9 mm diameter by 10 cm long glass test tubes, and reading their NMR 
relaxation parameters using a MARAN-20 NMR relaxometer (Resonance Instruments, 
Witney, UK). These measurements are necessary to understand the system's NMR 
properties, which are required for the development of this material to be used for 3-D 
dosimetry using the MRI readout technique. Spin-lattice relaxation time T1 was 
quantitatively measured by inversion recovery sequence while the spin-spin relaxation time 
T2 is measured using the CPMG multi-echo sequence. The MARAN relaxometer is able to 
give this kind of quantitative measurement at frequency equal to 20 MHz relatively quickly 
and at fixed measurement temperature. Qualitative measurements can be obtained using TI 
or T2 weighted images of a radiation sensitive medium using any of the common MRI 
scanners. Agarose gels in which radiation dose can be recorded as colour changes in 
addition to the quantitative NMR method have also been produced (Appleby and 
Leghrouz, 1991). Xylenol orange was used with the MRI method as a chelator that is able 
to slow down the metal ions diffusion through the gel networks. In the Fricke gel it was 
found to be able to reduce ferric ions diffusion by about a half at the expense of system 
sensitivity which was about 72% compared with the normal Fricke gel (Rae et al., 1996). 
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3. Developing a Practical FXG Dosemeter 
One of the objectives that led us to develop a radiochromic gel for 3-D dosimetry 
was to find a radiation sensitive material that can be used as an alternative to the MRI 
readout technique which is not very sensitive, and is a complex and expensive technique. 
Also, MRI facilities are not always located close to the irradiation sites and seldom 
available for dosimetry applications due to their extensive medical diagnostic use. A 
simple optical tomography readout method was proposed to measure radiation dose 
distributions in three-dimensions, but this requires the production of a suitable detection 
materials. These materials should be able to record and store ionising radiation effects for 
sufficient time to allow optical measurements to be made via which radiation absorbed 
dose distributions can be derived and recorded permanently in electronic form. 
Generally speaking, chemical based radiation detection systems are very sensitive to 
impurities and sometimes the type of water used in their preparation is crucial. High purity 
water is required in most cases for the system to work reliably (Fricke and Hart, 1966). 
Since water makes up about 95% of the FXG gel by weight, the effect of using different 
types of water on the dose response at wavelength 585 nm, at which the gel shows 
maximum response, was studied. Three different gel batches with Milli-Q"' water, de- 
ionised water and tap water were made, and the radiation dose response curves were 
compared, see figure 4-3. 
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Figure 4-3: Variation in the FXG dose response with three different types of water. 
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Gels made with Milli-Q® water show the best response and when de-ionised water 
was used a reduction in the system sensitivity of about 5% was observed. But the gel 
prepared with tap water shows much lower sensitivity and precision, its relative sensitivity 
being only 68% of the Milli-Q® water preparation (Bero et al., 2000a). 
At the beginning of this project we followed closely the protocol described in the 
most recent publications on the manufacturing of a Fricke gels with XO added (Rae et al., 
1996) and (Kelly et al., 1998). Benzoic acid was used with 5 and 1 mM concentration 
respectively to produce gelatin gels that give satisfactory results (Bero et al., 1998). The 
benzoic acid obtained was in crystalline form and therefore it requires to he dissolved 
before adding it to the chemical part of the gel. This was achieved by heating benzoic acid 
crystals with the sulphuric acid water solution before the addition of the ferrous ions or 
xylenol ion indicator. This process requires high temperature close to the boiling point of 
water and hence there will be some loss of the water through evaporation, and loss of the 
dissolved oxygen, which is an important element in the radiation-induced reaction in this 
system. Originally, benzoic acid was added to the Fricke solution as well as to the aqueous 
formulation developed in order to increase the chemical yield of ferric oxidation. It was 
reported that organic substances enhance the chemical reaction yield of the inorganic 
chemical dosemeters through implementing a chain reaction (Fricke and Hart, 1966). For 
the system studied the organic gelatin plays exactly the same role as the benzoic acid in the 
solution systems (Olsson et al., 1991). Therefore the addition of the henzoic acid should 
not make any difference and this fact was supported by experiments. Hence this chemical 
was taken out of the gel preparation recipe in order to simplify the preparation method and 
to eliminate all complications and costs associated with its involvement, figure 4-4 
It is clear from these graphs (figure 4-4) that FXG without any benzoic acid has the 
best sensitivity. The slope of the straight line fit to the dose response data corresponds to 
the change in optical absorption of a1 cm thick gel sample generated by a unit radiation 
dose and will henceforth be referred to as the system sensitivity. The y-intercept of the 
straight line fit indicates the optical absorption of an unirradiated sample. An important 
comment on these graphs is that the response of gels, which include benzoic acid and the 
FXG would be expected to be identical because the only difference between them is 
presence or absence of the benzoic acid. However FXG shows slightly better sensitivity 
especially at 585 nm. Looking back at preparation of both gels can help to explain these 
differences. Benzoic acid was in crystalline solid form and it needed to be heated to a high 
temperature, (mp = 122°C-123 °C), in order to dissolve it and hence incurring a 
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(mp = 122°C-123 °C), in order to dissolve it and hence incurring a considerable loss of 
dissolved oxygen, which is an important component in the oxidation process. 
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Figure 4-4: Benzoic acid concentration effect on the FXG dose response with optical 
absorption measurements obtained at 585 nm. 
On the other hand, FXG, as in any system based on radiation induced chemical 
reactions is sensitive to temperature and therefore adding in a high temperature solution 
during the chemical part preparation phase, may affect system performance. This can be 
observed from the changes in the dose response best-fit lines, however in the case where it 
is not possible to avoid these practices a correction should be applied, which could be done 
simply by normalising all dose measurements to zero reading. The response curve's 
linearity is influenced by our irradiation procedure, factors such as the slow ON-OFF 
response of the Hotspot machine particularly, uniformity of the doses inside the chamber 
of irradiation as well as irradiation temperature may cause significant errors especially at 
lower doses. This can be noticed clearly for gels with benzoic acid, and is why the linear fit 
correlation coefficient is not high for these curves. 
Gelatin gels were found to be the material of choice to host the radiation sensitive 
chemicals for many reasons, the most important being the system's high optical 
transparency which enables quantitative tomographic measurements to be made with a 
broad beam of normal white light (Bero et al., 1999b). Nevertheless, other gelling agents 
were also studied, mainly agarose and agar. Both gel batches show some reasonable dose 
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response, but the resulting materials are translucent in nature, which make them inadequate 
for optical imaging with normal light. However highly collimated light in the form of a 
laser beam has been used in a relatively slow readout system based on optical tomography 
of a translucent polymer gel (Gore et al., 1996). Figure 4-5 shows a quantitative 
comparison between the dose response of three gel media. Gelatin gel has the best 
performance for sensitivity and response curve linearity (linear regression correlation 
coefficient equal to 0.998); agarose gel comes second with relative sensitivity about 82.5% 
and correlation coefficient of 0.992 and agar gel is the worst with relative sensitivity 35% 
and a correlation coefficient of 0.980. 
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Figure 4-5: FXG dosemeters made with different gelling agents; the gelatin 
concentration was 5% while agarose and agar were 1% of the final volume. Dose 
response was measured for each batch at 585 nm and in each case absorbance was 
measured against unirradiated sample from the same set. 
The main function of gel materials is to spatially stabilise radiation effects in order to 
obtain 3-D dose distribution measurements. Higher concentrations than that required in 
order to obtain sufficiently stiff gel materials for adequate control of ion diffusion give 
only very limited further improvement in dosemeter performance. For example, 5/(, gelatin 
powder weight by weight in the final volume was good enough for the sorts of application 
that FXG is designed for. Higher gel concentrations were used in experiments aimed at 
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studying ion diffusion, and stiffer gels helps to reduce that effect. From these experiments 
it was found that higher concentrations of gelatin does not affect FXG response. However, 
a small shift in the dose response curve towards higher optical density values was 
observed. Figure 4-6 gives a comparison between three batches of FXG gels with different 
gelatin concentrations in terms of their dose response curves. 
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Figure 4-6: Different gelatin concentrations and their effects on FXG response, 
measurements were performed while a 5% unirradiated gel sample mounted in the 
reference beam path. 
Optical absorption spectra of irradiated FXG samples when measured against an 
unirradiated control sample show a decrease in the absorbance centred at a wavelength of 
440 nm, and more importantly, a large increase in the wavelength range 500 nm to about 
650 nm. With increasing absorbed dose the increase in the sample absorbance has a 
maximum at about 585 nm, see figure 4-7. Visible changes in the FXG sample can be seen 
as the orange colour of the samples before irradiation is transformed into an intense purple 
colour at high radiation doses. The quantitative change in absorbance was studied at 
wavelengths of 440,500,550,585 and 632 nm. The measurements in figure 4-8 show a 
linear relation between the FXG absorbance, A, and the absorbed dose. The rate of change 
per unit absorbed dose (AA=A-Ao) which gives an indication of the gel optical sensitivity 
was noticed to vary considerably from one wavelength to another. 
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Figure 4-7: FXG spectra obtained using an unirradiated control sample to define the 
new baseline. 
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Figure 4-8: FXG dose response curves for absorbance measurements obtained at 
different wavelengths 440,500,550,585, and 632 nm. 
The maximum sensitivity measured in this experiment was 0.067 cm , Gy-1, which occurs 
at 585 nm, and is in the dose range 1-10 Gy; the relative sensitivity in the same dose range 
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for other wavelengths was 48.67%, 51.18%, 81.72% and 33.28% at 440,500,550 and 632 
respectively. The existence of a choice of measurement wavelengths has practical value 
since it offer the possibility of using different optical sources for the optical tomography 
imaging required to obtain 3-D dose distribution measurements. 
Waiting time for the radiation induced colour change reaction was tested employing 
very simple procedure. A series of optical measurements were performed on a sample 
exposed to 6.4 Gy, which was then repeatedly scanned for 50 minutes. This measurement 
demonstrates that a waiting time of about 10 minutes is needed for the chemical reaction to 
reach completion and an adequately stable result to be achieved, see figure 4-9. 
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Figure 4-9: Colour formation dependence on waiting time after irradiation. 
Sharp increase in the irradiated sample optical density shows that a period of time 
between 10 to 15 minutes is needed for the ion indicator to complete its colour complexion 
reaction. Hence a waiting time of about 15 minutes after exposure is necessary to obtain 
better readings stability. The reaction then settles down to a much slower rate of change in 
the optical density at longer waiting times. The optical density changes observed in the 
first ten minutes after irradiation is about 0.0036 cm-1 per minute that is a factor of 20 as 
much as the change occurred after the reaction is completed. In the ten minutes 
recommended waiting time the optical density of the sample is about 23%I% of the changes 
caused by one Gy irradiation. The slow changes at later time are probably due to an 
enhanced natural self-oxidation of ferrous ions caused by the increased ambient 
temperature inside the spectrophotometer during the measurement time. However, these 
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delayed changes are negligible compared with the radiation induced changes and are 
therefore unimportant unless very high accuracy measurements are demanded. In one hour 
delay after the 10 minutes required waiting time, the change in FXG optical density is 
about 13% of the change resulting from its response to one Gy dose. 
4. The FXG system Optimum Chemical Contents 
In addition to the water and gelling materials, FXG contains three other substances 
ferrous-sulphate ions, sulphuric acid and xylenol orange which provide the active 
chemicals in the system. The role of each of these three principal chemicals in the FXG 
system was studied. Samples with different concentrations of one chemical were made 
while the other two were kept constant, and then the changes that occurred in the system 
response to ionising radiation in terms of its dose range and stability were observed. 
4.1. Sulphuric Acid Concentration Effects on the FXG Dosemeter 
FXG dosemeters made with various sulphuric acid concentrations were studied for 
two essential properties required for any system proposed for 3-D dosimetry. The system 
was found to be sensitive to the solution pH levels, i. e. the sulphuric acid concentrations. 
Six different sets of FXG with sulphuric acid concentration ranging between 10 and 4(X) 
mM were prepared and their optical dose response was quantitatively studied at it 
measuring wavelength of 585 nm. 
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Figure 4-10: FXG dose response curves for different H, SO, concentrations. 
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Samples that have even higher acid concentrations, for example 200 mM and 400 mM, 
show very poor sensitivity in the studied dose range 0- 30 Gy, see figure 4-10 above. For 
concentrations lower than 100 mM the FXG optical density changes per unit absorbed dose 
increases with decreasing acid concentration (or increasing system pH). Figure 4-11 below 
summarises the important role played by acid concentration and points to the potential of 
utilising this effect so that the system optical response as well as dose range can be 
controlled. 
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Figure 4.11: The relationship between the FXG sensitivity and its sulphuric acid 
concentration. 
FXG sets containing concentrations lower than 100 mM were compared in terms of 
system reading stability. The following figure, 4-12, shows a comparison between three 
sets of FXG dosemeters containing 10,25 and 50 mM sulphuric acid which were studied 
immediately after irradiation, and then 24 hours and 72 hours later. The response of each 
of the three gel batches with increasing delay time was evaluated quantitatively by 
measuring the optical density change per unit absorbed dose at 585 nm, figure 4-12 (A); 
the absorbance of an unirradiated control sample at the same post-irradiation times is 
shown in figure 4-12 (B). It can be concluded from this experiment that 25 mM sulphuric 
acid is the optimum concentration to be used for the sort of applications that FXG is 
designed for, on account of its relatively high sensitivity and good stability. At lower acid 
concentration, for example 10 mM, bigger change in the system absorbance over time is 
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observed, and such spontaneous fast changes degrade the system reading stability. Since 
this effect is larger for samples containing more ferrous ions it leads to degradation of the 
dosemeter sensitivity with increasing delay time between irradiation and readout, see 
figure 4-12 (A). 
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Figure 4-12: FXG reading stability for storage time versus H2S04 concentrations. 
When acquiring the absorbance spectrum it was noticed that the main ahsorption 
peak around 585 nm is broadened and the peak maximum was shifted few nanometres 
upward with the reduction of the system pH, However the maximum change in the optical 
density with dose was not seriously affected. 
4.2. Ferrous Ion Concentration Effects 
Ferrous ions are the most important constituent because it is the chemical in which 
the observed reaction takes place. 1 mM concentration was repeatedly used in the standard 
ferrous sulphate solution dosemeter as well as in the Fricke gel system proposed for 3-D 
dosimetry. G (Fe; ') the yield of ferric ions as a result of radiation induced oxidation is not 
very high, i. e. - 15.6 per 100 eV for the standard Fricke solution, but it is considerably 
higher for the modified Fricke gel, with reported values between 100 - 200 per 100 eV. As 
for the new radiochromic FXG gel system that we are discussing, the chemical yield of 
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ferric ions is same as that of the Fricke get itself or might be higher. Nevertheless a 
concentration of 1 mM or even 0.5 mM is sufficient enough for the reactions to proceed 
without affecting the linearity of the dose response within the dosemeter principal dose 
range of interest, i. e. 0.1 - 10 Gy for FXG, which covers the sort of doses applied in 
radiotherapy. 
In figure 4-13, the dose response of FXG with five different Fee' concentrations is 
plotted for 585 nm, which corresponds to the FXG maximum absorbance. 
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Figure 4-13: FXG dose response curves plotted at 585 nm for three different Fee' 
concentrations. 
It is clear from these figures that the FXG has linear response in the dose range from 
I up to about 30 Gy, but the system sensitivity, expressed in terms of the slope of the linear 
best fit line, is smaller at very low Fee concentrations. Sensitivity increases with the 
increase of ferrous ion concentration to reach maximum at about 0.5 mM and then it starts 
to decrease with further increases in the Fe2+ concentration, see figure 4-14 immediate 
measurements. The same sets of samples where kept in a refrigerator and measured once 
again after 48 h in order to assess the system stability for both pre-and post-radiation 
effects (Bero et al., 1999a). 
Figure 4-14 shows a comparison between five batches of FXG dosemeter that 
contain different Fe 2+ concentrations, in which two important features, namely dosemeter 
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sensitivity and reading stability were studied. It shows that FXG readings are less stable at 
higher Fe 2+ concentrations, which is expected due to the natural oxidation of ferrous ion. 
Natural oxidation is proportional to the square of the sample ferrous ion concentration 
(Fricke and Hart, 1966) and since this concentration is usually higher in samples exposed 
to lower doses it causes the dose response curve to become less steep with time; hence the 
system sensitivity degrades with time. Dose response curves obtained from the same set of 
FXG sample immediately and two days after irradiation were plotted on the same graph in 
order to make the comparison easier. 0.5 mM was found to be the optimum concentration 
that gives the highest changes per unit absorbed dose, i. e. best sensitivity and at the same 
time maintains gel acceptable reading stability. This value of ferrous ion concentration was 
recommended when NMR readout was employed for Fricke gel samples (Hazle et al., 
1991) and (Korn and Pope, 1994). 
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Figure 4-14: FXG reading stability measured at 585 nm versus Fe'' concentrations. 
Regression linear fitting was employed for all graphs plotted from this experiment. 
Hence, a quantitative evaluation of the FXG sensitivity and stability derived from the dose 
response curve linear regression coefficient and its zero dose reading respectively. 
Measurements were carried out on the same set of samples immediately after irradiation 
and then after two days storage time at temperature of about 4°C (Bero et al., 2001 a). 
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4.3- Xylenol Orange Concentration Effect on the Dosemeter Response 
Figure 4-15 shows the effects of using different concentrations of the xylenol orange 
on the FXG dosemeter response. It indicates clearly that the xylenol orange concentration 
plays a crucial role in the FXG 3-D dosimetry system and its applications. 
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Figure 4-15: FXG dose response measured at 585 nm with FXG containing different 
xylenol orange concentrations. 
The linear range of the dose response curve clearly depends on the ion indicator 
concentration; for example the dose response is linear for no more than 2 Gy when 0.01 
mM of xylenol is used, but its linear response exceeds 30 Gy with ten times higher XO 
concentration. Therefore 0.1 mM xylenol orange is found to be the optimal concentration 
that allows a linear dose response over an important range suitable for many applications 
(Bero et al., 1999a). If G(X) is the number of molecules transformed by absorption of 100 
eV of radiation energy, in SI units we have G(X) x 1.037 x 10-7 moles per joule. Assuming 
G(X) = 100, this means that the number of moles of Fe 
3+ produced by I Gy will he 
1.037x 10-5, therefore a 0.5 mM of ferrous ion concentration will require a dose of about 50 
Gy of radiation to be completely oxidised to ferric ions. Therefore for this ferrous ion 
concentration the only constituent that limits the dose range will be the xylenol orange. 
Higher concentrations of xylenol orange were ruled out during development of the detector 
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materials on the ground that the optical density would be too high and this limits the 3-D 
optical imaging of large samples. 
The system dose range, defined as the radiation dose that saturates the FXG optical 
reading appear to increase linearly with increasing the ion indicator concentrations, Figure 
4-16. This may also help to optimise the system by selecting concentration high enough for 
specific dosimetry applications while keeping in mind the need to alter the ferrous 
concentration as well when the dose range is required to be linear above the 50 Gy level 
calculated for 0.5 mM ferrous ions concentration. 
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Figure 4-16: Measured FXG linear dose range versus xylenol orange concentrations. 
In order to give quantitative assessments of the role different concentrations of 
xylenol orange have on the FXG system stability, the dose response of five different 
batches of FXG dosemeter were measured at 585 nm, immediately after irradiation, and 
then two days later. Figure 4-17 demonstrates that ion indicator concentrations do not have 
any effect on the system FXG stability. Small change at lower irradiation has nothing to do 
with the system xylenol orange concentration it is due to ferrous natural oxidation and this 
is why it has the same magnitudes for all FXG batches studied in this experiment. This 
conclusion was reached after all readings are normalised to the unirradiated sample 
optical density for both immediate measurements and those made after two days. 
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Figure 4-17: FXG dose response stability versus XO concentrations, measurements 
were made at 585 nm immediately and after 48 hours after irradiation and represented 
by filled and unfilled points respectively. 
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Figure 4-18: Pre-irradiation changes in the absorbance per hour of four FXG hatches 
containing different xylenol orange concentrations 
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Changes that appear, especially at low doses, are solely due to the natural oxidation 
that happens in every aerated aqueous system containing ferrous ions. This was studied 
earlier and it was found to be about 0.002 cm"' h'1 when the unirrdiated FXG samples were 
stored in a refrigerator. This value agrees very well with the changes in absorbance per 
hour of FXG containing 0.5 mM ferrous ions and different XO concentration. From the 
slope of the line in Figure 4-18, the absorbance of an FXG unirradiated sample containing 
0.1 mM XO is 0.0027 cm -1 h'1, that is about the same changes due to 0.036 of Gy. 
From the above analysis the recommended concentrations of all the materials that 
constitute FXG is summarised in the Table 4-2. This takes into account two main factors of 
great importance for practical applications of FXG in 3-D dosimetry. These are the system 
sensitivity which is required to be as high as possible and on the other hand the post 
irradiation stability that is needed to be as small as practically achievable. Compromises 
were made to balance these two requirements for the most promising application of FXG, 
namely in radiotherapy dosimetry. 
Table 4-2: Optimal chemical composition recommended for a practical FXG 
dosemeter. 
Component Formula Weight Concentration (mM) 
Water 18.01 94.65% (w/w) 
Gelatin 402.47 124.38 
Ferrous Ammonium Sulphate 392.13 0.5 
Sulphuric Acid 98.07 25 
Xylenol Orange, Sodium Salt 760.60 0.1 
5. Characterisation of FXG Dosimetry System 
In order for any dosimetry system to be used for a three-dimensional application it 
needs to be well understood and its properties should be well characterised. FXG 
radiochromic dosimetry system can be described as a variant of the well-known ferrous 
sulphate chemical system, famous as the `Fricke dosemeter' and therefore it possesses 
similar general properties. Besides being tissue equivalent, FXG has sufficient sensitivity, 
adequate reproducibility and stability both pre- and post- irradiation. Hence, it satisfies 
most of the requirements for a dosemeter to be a useful candidate for 3-D dosimetry. The 
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general characteristics of the FXG system are presented in the following section and some 
experimental results showing the merits of the FXG system are discussed. 
5.1. Absoluteness 
A dosemeter is said to be absolute if it can be used to measure the absorbed dose 
deposited in it without requiring calibration in a known radiation field. It is known that the 
Fricke solution is one of three types of dosemeter regarded as being capable of 
absoluteness. It is usually employed as a secondary standard dosemeter because its 
response depends upon the conversion coefficient called the chemical yield G(Fe3+) which 
has been accurately determined in national standards laboratories. The well-established 
chemical yield value for the conventional standard Fricke solution is known to increase by 
adding organic substances to the system. Getting higher G values causes it to lose the 
standardisation of the system. Gel dosemeters usually contain additional organic materials 
to initiate a chain reaction that leads to a higher chemical yield (Day, 1990). Similarly, 
FXG contains large quantities of organic materials, mainly gelatin plus the metal ion 
indicator, but any attempt to use the system as an absolute dosemeter is impractical due to 
the complexity of the chain reaction, which is involved in obtaining the higher G-value. 
However some impression of the relative increase in signal can be gained from comparing 
the minimum detection limits obtained with different formulations and various readout 
systems. 
5.2. Stability 
The system stability can be divided into stability before exposing it to radiation and 
stability after irradiation. Firstly, the dosemeter properties should be stable before it is put 
to use. Storage conditions including temperature, light, humidity, etc., as well as the purity 
of the system materials may cause some changes with time, which may affect the 
dosemeter reading in the absence of radiation. Ferrous ions in the FXG slowly oxidise and 
as a chemical system suffer the same sort of pre-irradiation changes as the Fricke system. 
This self-oxidation is reported to be proportional to the square of the ferrous ion 
concentration (Fricke and Hart, 1966). The self-oxidation cannot be avoided because 
dissolved oxygen exists in the system and is needed for the system to function. For 
example the effect can be minimised by reducing the amount of ferrous ion in the system 
to a half which reduces the natural oxidation process by a factor of four. In all cases 
however, leaving one sample from the same preparation batch unirradiated, as a control 
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provides a correction for this effect and hence dose measurements should always be 
normalised to the control reading. FXG was found to be sensitive to light, and also high 
temperature accelerates the reaction as it may cause unwanted excitations of the dye 
molecules, which causes an experimentally verified reversible change in colour. These two 
effects are considered more closely later in this chapter. 
The dosemeter reading stability after it has been exposed to radiation is an important 
quality in any dosimetry system and especially those capable of providing integrated dose 
measurements. Most systems show some sort of unavoidable changes. It is advantageous to 
make these changes as small and as reproducible as possible, therefore the post-irradiation 
effects can be estimated and suitable corrections can be made through standardisation of 
the techniques. It was found that keeping the irradiated samples in a cool dark place 
minimises this post effect. 
5.3. Repeatability and Reproducibility 
The concept of reproducibility describes the effects of fluctuations in the system 
properties, the ambient conditions and the nature of radiation fields. The reproducibility 
can be expressed by calculating the random errors and it can be estimated from the data 
obtained in repeated measurements and it is usually stated in terms of standard deviation. 
The FXG system, consisting of a number of chemicals with each having its own effect on 
the system performance, plus the effects of environmental conditions during the 
preparation, irradiation, evaluation and storage all cause some variation in the system 
response between different dosemeter batches. However, for a set of samples prepared at 
the same time from the same sources of materials and under similar ambient conditions, 
the system gives adequate reproducibility and satisfactory results. The main sources of 
errors can be traced firstly, to errors occurring during the preparation, and from the 
chemicals used. Secondly some errors might originate during the irradiation process, such 
as a bad calibration facility for dose measurements, or as a result of an inhomogeneous 
radiation field. Thirdly, standard errors originate from the various equipment employed or 
the methodology followed; human errors can also be expected at this stage during data 
acquisition and analysis. Finally the nature of the system, where the dose calculation 
depends on the value of the chemical yield factor, and since this factor is not precisely 
defined unavoidable absolute errors may occur. Experimentally, the errors with a particular 
preparation were estimated by measuring a set of unirradiated samples together with 
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another set from the same preparation irradiated to four gray in a 60Co gamma radiation 
field, inside the Hotspot chamber. 
Table 4-3: FXG precision in particular set of samples taken from the same batch. 
Description A cm-1 at 440 nm ß%A cm 1 at 585 nm a% 
Unirradiated samples 1.773 0.224 0.157 3.181 
Unirradiated samples measured 1.729 0.463 0.160 3.125 
after 24 hours delay 
Sample irradiated to 4 Gy 1.648 0.602 0.372 3.433 
Table (4-3) shows the mean values and the percentage standard deviation in the reading of 
ten samples from one batch. Here the readings are expressed in terms of the optical density 
at two wavelengths, 440 nm and 585 nm, for unirradiated FXG samples and another set of 
FXG samples exposed to 4 Gy. 
The FXG system reproducibility in a number of experiments was also studied. Each 
time, a set of samples was made and irradiated, and then the optical density was measured. 
Preparation, irradiation and measurement procedures were kept as identical as possible, but 
in general all the mentioned practices were followed exactly as they were in normal 
experiments and no special measures were taken. Therefore, the precision mentioned here 
would be the least that can be achieved and it could be considerably improved. Table 4-4 
shows the mean value for the optical density and the percentage standard deviation of two 
samples with seven successive measurements on an unirradiated FXG sample and 
measurements were performed on FXG sample exposed to 4 Gy. In each experiment 
measurements were made at two wavelengths 440 nm and 585 nm. 
Table 4-4: FXG system precision in repeated measurements on the same sample. 
Description A cm-1 at 440 nm a% A cm t at 585 nm ß% 
Unirradiated samples 1.771 7.25 0.135 11.7 
Sample irradiated to 4Gy 1.6498 5.48 0.332 5.35 
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Over the period of this project variations in the FXG response were monitored in order to 
study its repeatability. Experiments were totally independent therefore it should present an 
ideal case to study the random variation in the FXG response for different times, 
conditions and different batches of chemicals. Dosemeter average sensitivity was 
calculated from 27 preparations and found to be AA=0.077 cm-1 Gy-' at 585 nm with 
standard deviation ß=0.012 (16.6%), figure 4-19. The standard deviation is higher than 
expected, which may be explained by considering the following factors (Bero et al., 
2001b). First, some of these large variations occurred at the beginning of this project and 
then improved when, with increasing practical experience in gel manufacturing and 
generally better understanding of FXG properties. Secondly, these results represent a 
collection of experiments randomly performed during the development of the FXG gel 
materials, most of the time under different laboratory conditions without any consideration 
of standardisation. Finally, different batches of materials sometimes obtained from 
different suppliers were used to make these gels, and this may have contributed to these 
variations since the FXG response is strongly influenced by its chemical composition. 
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Figure 4-19: FXG dose response variation and its repeatability. 
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5.4. Accuracy 
The accuracy of a dosemeter is a measure of the collective effect of errors in all the 
parameters that affect its reading. It is a combination of systematic and statistical errors 
and it is impossible to evaluate dosemeter accuracy directly from measurements made with 
it. Therefore, the system accuracy is an expression of how much the measured quantity is 
close to the true value. Estimation of the accuracy is not an easy task and usually it is given 
relative to another dosimetric system by comparative experiments. Since the precision is 
the more important figure of merit and because of the difficulties in assessing all 
parameters that affect the accuracy in the system under investigation, only the system 
precision was studied. A comparison of the dosemeter reading in a known radiation field 
defined with standard techniques such as calorimetry or ionisation chamber measurements 
is probably the correct method for the assessment of the FXG system accuracy. 
5.5. Dose range 
Any dosimetric system must have reasonable dose sensitivity throughout its range or 
at least over a range of interest for a particular application. Linear dose response is 
desirable because it makes the calibration and interpretation of the dose from the 
measurements easier. The FXG dosemeter is considered to be useful for low and 
intermediate dose measurements. For the optimal composition of the system a linear 
response at the considered wavelengths was observed in the dose range 0- 30 Gy. Beyond 
this, the system reaches its saturation level, as it is clear in figure 4-20. 
The dose range of the FXG dosemeter is not as wide as it is with the conventional 
Fricke system, but nevertheless it is well matched to the most essential dose range for 
medical applications and especially in radiotherapy where the three-dimensional dosimetry 
method is most required. FXG linear range can be extended if necessary to measure doses 
up 100 Gy by increasing the ferrous ion and the metal ion indicator concentrations. 
However this will make the optical density of the system higher and it will lose it 
transparency, which puts limits on its use for 3-D phantom dose measurements. 
The system zero-dose and the changes that occur in the unirradiated samples by self- 
oxidation are important limitations and knowledge about them is needed so that they could 
be subtracted from the actual dose reading. This subtraction will have little effect on the 
system precision if the dosemeter readings in the absence of the radiation field are 
relatively small and reproducible. However, in many cases these effects exhibit important 
non-reproducibility and cannot be ignored, therefore normalising all dosemeter reading to 
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the control or background reading becomes important. The FXG zero dose reading was 
found to be 0.09 cm-1 at 585 nm. The amount of change due to natural oxidation at room 
temperature was found to be about 0.7 x 10-3 cm-1 per hour measured in the FXG gel at the 
wavelength 585 nm. In comparison the change due to 1 Gy of radiation energy deposited is 
83 x 10-3 at 585, figure 4-20. 
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Figure 4-20: FXG dose response curves showing a linear relationship in the range 0- 
30 Gy before the radiation induced colour change begins to saturate leading to very 
small changes at higher doses. 
The lower limit of the dosemeter reading is governed mainly by the system 
background (zero dose) and the fluctuation in this reading when it is not negligible. The 
lower limit or the minimum detectable dose is usually estimated as the dose necessary to 
double the mean background reading (Prasad et al., 1991). Therefore on this definition it is 
able to measure doses as low as 0.16 Gy at the wavelength of 585 nm. Theoretically 
speaking the spectrophotometry technique is capable of detecting a concentration of' 
species as low as 10-4 mM in a1 cm cell by utilising sensitive colour reaction initiated by 
radiation induced chemical reaction such as the oxidation of ferrous ions to ferric in the 
FXG gel system (Fricke and Hart, 1966). A concentration of ferric ions as small as 10' 
mM would corresponds to a dose about 1 mGy measurable with a detection system that 
make use of radiation induced colour changing chemical reactions such as the FXG. The 
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reaction chemical yield of the system was assumed for this argument to be higher than 100 
per 100 eV of absorbed radiation energy, i. e. G (X) z 100. 
The upper limit of the dosemeter is controlled by fundamental system limitations 
such as exhaustion of the supply of atoms or molecules being acted upon by the radiation, 
and by competing reactions of radiation products. Usually the upper limit of the dose range 
is shown by a decrease in the dose sensitivity, for example loss of dose response linearity. 
For the FXG system the upper dose limit can be chosen to suit a dosimetric problem under 
investigation. Practically this can be done by increasing the concentration of ferrous ions 
and xylenol orange molecules on one hand or by controlling the system chemical yield by 
increasing sulphuric acid concentration as we have seen in figure 4-10. The gel formulation 
used in this experiment was proposed for 3-D dosimetry in radiotherapy and hence it was 
manufactured and characterised to fulfil the requirement of this field. FXG dosemeter 
employed in this study shows linear dose response for doses up to 30 Gy, see figure 4-20, 
beyond this threshold FXG response become almost flat, the slope of the curve in this 
region is only about 8% of that in the 0- 30 Gy range. 
5.6. Dose-Rate Range 
It is necessary that any system employed to measure time-integrated doses to be 
independent of the dose rate. The chemical Fricke solution and its original gel modification 
are well known (Fricke and Hart, 1966) and (Day, 1990) to be independent of the dose rate 
if it is not too high. Therefore the FXG system is expected to be dose rate independent as 
well. However, an experiment to justify this was not performed because this experiment 
needs specific irradiation facilities that were not available. 
Over three years the 60Co source dose-rate in the Hotspot irradiator dropped from 
about 0.8 to about 0.5 Gy per minute, see figure 4-21. This result is not conclusive and it 
was not possible to verify it with other sources. However it indicates that that dose rate 
within ranges applied in radiotherapy has limited effects on the FXG response. This view 
is based on the widely accepted fact that the oxidation of ferrous to ferric in the extensively 
studied chemical aqueous dosemeter is dose rate independent up to a dose rate of 10 Gy s"1 
of continuous radiation beams (Fricke and Hart, 1966). Also in the case of pulsed radiation 
dose rates up to 100 mGy per pulse have no detectable effects on the system response 
(ICRU, 1982). A similar conclusion was drawn for Fricke gel when evaluated with the 
NMR quantitative method (Olsson et al., 1989). 
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Figure 4-21: FXG dose response versus small variation in the 60Co dose rate changes 
over a period of time. 
5.7. Light Effect 
Three sets of FXG samples from the same batch were monitored over a period of 
time for three different storage conditions. One set was left in the dark inside a refrigerator, 
a second sample stored inside wardrobe in the dark at normal laboratory temperature, and a 
third sample was left on the bench in the laboratory exposed to normal daylight. Figure 4- 
22 shows the differences between these measurements. 
From this graph, the observed changes could be a direct result of one of the two 
storage conditions or both of them together, i. e. the storage temperature and exposure to 
light. In order to single out the effect of exposure to light, absorbance readings from 
samples kept at the same temperature in the laboratory, but with one set in the dark and the 
other set exposed to daylight, were subtracted to give the results shown in figure 4-23. 
The most stable samples were the ones stored in the refrigerator at 4°C, which 
showed very limited changes over a long period of time (figure 4-24). This plot indicates a 
linear increase in FXG sample absorbance for storage time spans of over a month that is 
about ten times smaller that the changes caused by a dose of 1 Gy. This natural rate of 
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change is even smaller over the first couple of days when it is about a third of that 
calculated from measurements made over a month. 
3. _ý ý.. 
2.5 
'E 2 
u 
5 
1 
J1. 
0.5 
0 
Figure 4-22: Measured changes in FXG sample absorbance with exposure to light and 
storage conditions. 
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Figure 4-23: Daylight effects on the FXG absorbance readings measured as the 
difference between two sets of samples taken from the same preparation batch and 
stored at the same temperature, but one exposed to light and the other kept in the dark. 
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Changes occurring in samples stored in a cool dark environment are unavoidable but 
it can be estimated easily and a correction can be applied to FXG dosemeter readings. 
Cooling gel materials bel ow its freezing point cause seveirdamage in the gel structure as a 
result of the formation of ice crystals, which is larger in volume of the water making it in 
the gel. Optical measurements in this case would be difficult and it can not he 
quantitatively validated. 
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Figure 4-24: Changes occurring naturally for FXG samples stored in a refrigerator at 
about4°C. 
5.8. Temperature at the Measurements Effect 
A set of FXG samples were placed in a temperature controlled water bath that can 
cool down to about freezing temperature as well as being able to raise the temperature to 
about 100°C. At the start of this experiment the water bath temperature was fixed at 4°C, 
and this temperature is achieved by all samples when placed in the bath for a time long 
enough for the sample to reach thermal equilibrium with the surrounding water. In practice 
they were left for about 10 minutes, then taken out one by one and the absorbance was 
measured at the 585 nm with a control sample in the reference beam of the 
spectrophotometer. 
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Figure 4-25: Effect of temperature on the unirradiated FXG set of samples, optical 
absorbance was measured at 585 nm. 
The optical absorbance readings of samples stored in the dark at normal laboratory 
temperature increases with time in a similar fashion to the changes induced by light 
exposure however the magnitude of these changes is smaller in this case, figure 4-26. Also 
a correction can be applied given that the temperature is known since these time variations 
go faster with increasing temperature until the gel melting point is reached at about 30°C 
when absorbance readings jump up to a much higher value. If the temperature continues to 
rise, there is some indication that the colour begins to fade slowly, see figure 4-25. This 
may result from higher temperature effects on the active constituents but it night he a 
direct result of the changes happening in the physical state of the system material, i. e. the 
change from a semi-solid gel to a liquid. It was noticed that the increase in FXG 
absorbance with temperature is reversible and hence it could be due to an excitation 
process in the xylenol orange molecules rather than actual oxidation of ferrous ions and 
colour complex formation. 
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Figure 4-26: The difference between absorbance readings of two sets of FXG taken 
from the same batch both stored in the dark but one at normal laboratory temperature 
and the other at about 4°C. 
5.9. Tissue Equivalence 
The tissue equivalence of a dosemeter is an attractive property especially when 
applied in radiotherapy dosimetry. Chemical dosimetry systems in general and most gel 
dosemeters are considered to possess the quality of being approximately soft tissue 
equivalent detectors that in terms of their interaction with ionising radiation. That is 
because of large percentage of their volume is water, in fact more than 90% is water. 
However no extensive study that looks in detail at the closeness of FXG gel detector to 
certain types of tissues can be found on this subject and hence it is a wide open question, 
which could cover all tissue types and all forms of radiation. Nevertheless because water is 
frequently employed to measure absorbed dose in phantom, this measurements are 
generally accepted as the dose to soft tissue. In the following table (table 4-5) a comparison 
between the elemental composition taken as weight fraction in the detector volume for 
FXG gel and the other two gel dosimetry system used for 3-D dosimetry applications was 
made. The comparison was also extended to cover some other materials of dosimetric 
importance such as water, muscle, brain, soft tissues and ferrous sulphate solution. 
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Table 4-5: A comparison between the compositions of human tissues and various gel 
dosimetry systems (ICRU-46,1992), gel data were calculated. 
Elemental Composition (fraction by weight W, ) 
Material WC WH Wo WN WFe Ws WNa ZIA 
Water - 0.1119 0.8881 --- - 0.5551 
Muscle 0.1230 0.1020 0.7289 0.0350 - 0.0050 0.0008 0.5500 
Brain 0.1533 0.1070 0.7140 0.0129 - 0.0017 0.0018 0.5524 
Soft Tissues 0.2333 0.1050 0.6287 0.0250 - 0.0020 0.0011 0.5497 
Fricke solution - 0.1043 0.8587 0.0028 0.0056 0.0227 0.0023 0.5533 
Fricke Gel 0.0254 0.1083 0.8706 0.0115 0.0056 0.0227 - 0.5452 
Polymer Gel 0.0564 0.1051 0.8173 0.0135 --0.0058 0.5485 
FXG Gel 0.0274 0.1063 0.8388 0.0104 0.0028 0.0117 0.0009 0.5223 
5.10. Modification 
Gel dosemeters have effective atomic numbers, off, and mass energy-absorption 
coefficient (pet/p) close to that of water, which is fairly similar to muscle tissue for photon 
energies of practical interest. However it is possible to modify the gel contents to be 
similar to any particular medium of interest to accurately simulate irradiation processes in 
the model. On the other hand the dosemeter can be made to simulate in shape and volume 
almost any object under investigation. Different chemicals and different concentration can 
be used; therefore the gel linear response may be adjusted to cover any particular dose 
range within the general chemical dosimetry dose limits 1 mGy - 100 MGy. The linear 
dose response for most chemical systems is limited but generally cover useful ranges for 
specific application. 
6.3-D Dose Distribution Measurements 
While the proposed technique for getting the three-dimensional images of the 
absorbed dose optically is not yet fully developed, the technique was first demonstrated for 
a simple dose profile. A dose pattern was made in a1 cm thick gel phantom by defining aI 
cm width band with a slot cut into a2 mm thick sheet lead. Then the gel phantom was 
irradiated for 20 minutes close to a 70 kVp silver anode X-ray tube operated at an anode 
current of 0.6 mA. Scanning across the resulting induced colour pattern with the 
spectrophotometer and measuring the optical density at 1 mm intervals gives the absorbed 
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dose profile in one dimension. Later the phantom was repeatedly scanned in order to 
examine diffusion effects as shown in the following graph (figure 4-27). 
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Figure 4-27: The diffusion of colour for two 10 mm irradiated FXG gel at 10 mm 
apart, after 40 minutes, 2 hours, 5 hours and 12 hours. 
Better profiles with much sharper edges could be obtained by making the 
measurement faster. It is clear that ion diffusion still causes significant disturbance of the 
dose measurement particularly where there is a large dose gradient, hence the spatial 
diffusion causes gradual blurring of the dose distribution. The diffusion reduction effect of 
the large dye molecules (Rae et al., 1996) is small and it may not make much difference in 
this case because of the small concentration used to make the FXG system. 
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Figure 4-28: OD values versus depth in the FXG gel, (a) from I cm thick sample 
irradiated from the side and (b) profile across 5.7 cm diameter OCT slice image. 
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Optical density variation inside an irradiated FXG samples was measured using two 
different procedures. The first, figure 4-28(a) shows simple experimental absorbance 
measurements at the wavelength 585 nm, which were obtained manually from discrete 
spectrophotometric readings across an irradiated 1 cm thick sample at 1 mm increments. 
The OD readings start with a maximum at the FXG surface and then two physical 
processes cause the subsequent fall-off. The first process is simple attenuation of the 
photon beam, and the second process is the inverse square law decrease of X-ray beam 
intensity. There is no detectable build-up, which is expected to be less than ten microns for 
such low energy X-ray photons. The other set of measurements was taken from a profile 
across a single tomographic slice image in the middle of a 5.7 cm diameter gel phantom 
irradiated with 50 kVp X-rays, giving the optical density readings across the sample 
diameter, figure 4-28(b). The large apparent dose build-up is clearly an artifact at this low 
beam energy and is thought to be due to scattering of light rays passing through the surface 
of the gel close to the curved plastic container wall (see figure 5.23). Neither of these two 
experiments can be considered as true dose depth measurements partly due to the fact that 
the energy used is not sufficiently large to show detectable dose build-up, which ranges 
from a few centimetres up to few tens of centimetres for the higher radiation energies 
employed in radiotherapy. However these real data show that it should be possible after 
further development to measure dose depth curves reliably with either the 
spectrophotometric method or the optical tomography imaging technique. 
7. FXG Response Measured with NMR Technique 
NMR technique was employed to compare the newly formulated system with the 
common ferrous sulphate gel that was first used to get three-dimension images of radiation 
dose distribution. It is reported (Pedersen et al., 1997) that the addition of xylenol orange to 
gelatin Fricke gel significantly reduces its NMR signal. A comparative study was 
performed on our system with the Fricke gel system in order to assess the effects of this 
dye on the system sensitivity and to find out how significant it is, figure 4-29. It is clear 
that xylenol orange reduces the NMR signal but this reduction is small and it does not stop 
the FXG system from being used successfully with NMR readout technique. These results 
do not contradict other findings but are in good agreement with them. The small reduction 
in the FXG NMR signal seen here in comparison with the values reported in the literature 
is because we used a very low concentration of xylenol orange, a factor of 15 times less 
than that used by other experiments (Bero et at., 1998). 
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Figure 4-29: Comparison between Fricke and FXG NMR dose responses. (A) spin- 
lattice relaxation rate R, (s-1) and (B) spin-spin relaxation rate R, (s'). 
8. Conclusions 
In this chapter a tissue equivalent gel system for measurements of radiation absorbed 
dose in three dimensions has been described. The proposed detector materials and the 
developments on the gel manufacturing protocol were presented. Good understanding of 
the FXG system's optimal composition and the role of each individual constituent were 
achieved. Also the behaviour of the proposed FXG system under different ambient 
conditions as well as its most important dosimetric attributes were investigated. Since MRI 
readout technique is very likely to remain a practical alternative readout method where and 
when facilities are available, the FXG system response measured by quantitative NMR 
shows that it is still able to give good NMR relaxation signals that are almost as accurate as 
the classical Fricke gel. Therefore with this system any dose visualising technique that is 
available can be used without any restrictions. Diffusion of ions and colour molecules still 
presents a major disadvantage of the FXG gel system, but the magnitude of this problem is 
smaller than that of the Fricke gel. However with the possibility of acquiring data much 
more quickly by optical means in comparison to the MRI technique, diffusion limitation 
will not substantially perturb 3-D dose measurements derived by optical tomography. One 
107 
0 10 20 30 40 0 10 20 30 40 
pronounced disadvantage of the FXG system, and generally any system depending on 
chemical reactions, is its poor storage stability. Temperature and ambient light effects may 
cause problems since the optical extinction coefficient generally depends on these factors. 
These are also minimised by using lower concentration of ferrous ions to start with and 
storing the materials in a refrigerator before use. Finally FXG presents a reasonably 
practical dosemeter that could be used to study a range of dosimetric problems, not only 
three-dimensional applications. 
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Chapter 5 
OPTICAL TOMOGRAPHY IMAGING 
TECHNIQUE 
1. Introduction 
Optical Computed Tomography (OCT) or `optical tomography' may be defined as a 
non-destructive technique capable of providing sectional imaging of an object by 
reconstructing optical information obtained from chosen slices through this object. For a 
transparent or translucent material this can be achieved by collecting a set of optical 
transmission measurements called 'projections' at different angles around the imaged 
object. The number of projections and `angles' (views) used plays a significant role in the 
determination of the image resolution and it also governs the total time required to record 
these images (Coufal, 1995). The majority of the imaging techniques that can be classified 
under the heading 'optical tomography' have employed either low-energy visible or infra- 
red light to image highly scattering media (Arridge, 1999); or have used coherent light 
absorption to obtain three-dimensional images of fast process such as rapidly moving gases 
or turbulent flow of fluids (McMackin and Hugo, 1997). Optical imaging techniques can 
be applied in many industrial and medical imaging situations. The commercial application 
of such a safe, simple and cost-effective protocol remains the dominant force behind 
optical tomography developments. Much effort has been put into the theoretical and 
mathematical basis of the interaction between light and matter including simulations. For 
example, the mathematical forward and inverse problem of optical tomography has been 
studied by several workers (Arridge, 1999), (Chen et al., 1998) and (Ornelas-Rodriguez et 
al, 1999). Also other problems associated with the method such as interaction with 
biological tissues and determination of the complex light paths were investigated (Arridge 
et al., 1992). On the other hand many practical systems that can provide optical 
tomographic images have been invented and different types of optical scanner proposed 
(Beiting et al, 1998), (Ohta et al, 1998). The technique in many cases was used to study 
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specific media with specially constructed scanners that fulfil the requirements of particular 
applications. Optical apparatus for breast imaging that includes a breast box, light source, 
detector array and data acquisition software was proposed for mammography screening 
(Lemire, 1999). Other optical scanner arrangements were developed to image turbid media 
such as human brain using diffusive photons (Alfano et al., 1997). Optical tomography was 
also investigated as a possible method for obtaining images in fields other than medical 
applications. The method was reported to show promise for environmental, atmospheric 
and remote sensing applications (Alpatov and Romanovsky, 1998). Other obvious 
applications were in industrial processing and materials characterisation in the 
microelectronics field (Zeni et al., 2000). 
In order to obtain a three-dimensional (3-D) measurement of an ionising radiation 
dose distribution a tomographic imaging system that applies non-ionising radiation is 
preferable. Magnetic Resonance Imaging (MRI) was therefore the main initial candidate. 
MRI history goes back to the 1970s when it was demonstrated that it is possible to apply 
MR spectroscopy for imaging the entire body in a similar manner to X-ray Computerised 
Tomography (XCT). From the standpoint of 3D dosimetry the key observation was that 
ionising radiation causes measurable changes in the magnetic properties of an aqueous 
medium that contains paramagnetic ions (Gore et al., 1984-a). These changes were then 
exploited to map radiation dose distribution in three dimensions. In the ten years that 
followed, there were no further major developments in this newly developed 3-D 
dosimetry method and researchers concentrated on producing different radiation sensitive 
media. MRI is a relatively slow, complex and expensive technique that has hampered the 
widespread use of this 3-D dosimetry method. An aim of this research project was to 
develop alternative more practical techniques, for example the use of visible light to form a 
tomographic image of the radiation dose distribution in certain materials. 
Optical Computerised Tomography is not a completely new technique; various 
related procedures were applied in the past to record tomographic images. Depending on 
the nature of the materials under investigation, the location of the radiation in the 
electromagnetic spectrum and the way radiation interacts with the medium, these imaging 
techniques were given different names. Many types of OCT can be found in the literature 
'for example' infrared tomography, coherent optical tomography or diffraction optical 
tomography. However, the theoretical basis of all of them is the same as that which is 
widely used and well-known in ionising radiation tomography. 
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The OCT method was first introduced into three-dimensional radiation dosimetry by 
(Gore et al., 1996) as a fast, convenient and inexpensive dose readout method in 
conjunction with the recently manufactured polymer gel dosemeter. In this early 
application of OCT densitometry a single laser beam was used to scan across the sample 
using two mirrors mounted on a translation stage while the sample was placed on a rotating 
platform. A photodiode detector was employed to measure the beam intensity on the other 
side of the sample. The average optical density corresponding to each individual projection 
was recorded and a cross-sectional image of the radiation-induced optical changes was 
reconstructed. Ionising radiation dose response in the type of radiation detector used by 
Gore relies on the production of micro-particles as a result of polymerisation and cross- 
linking of co-monomers in the gel. These polymer particles cause any light beam going 
through the gel to be attenuated due to the light scattering process. Just before this method 
was published, we had been making the basic drawings and finalising plans for this 
research project. Our approach, however, differs considerably from that proposed by Gore 
and his research group. First it uses a radiation sensitive transparent gel that changes its 
light absorption properties when exposed to ionising radiation (Bero et al., 1998). A fully 
automated scanner that uses normal visible light beams and a CCD camera capable of 
recording a full two dimensional projection in a single exposure was constructed and used 
for 3-D dosimetry (Bero et al., 1999b). This resulted in an ultra-fast true optical 
tomography imaging system. Other developments in Italy, (Tarte et al., 1997) and 
(Gambarini et al., 1999), also introduced the use of a CCD camera to detect the variations 
in a beam of white light transmitted through an irradiated gel phantom. Their dosemeter 
was a modification of the Fricke agarose gel with the addition of xylenol orange ion- 
indicator, similar to the gel we were developing. In the Italian trials single 2D projections 
of thin sections of the irradiated gel were obtained which is not a real tomography 
procedure, nevertheless, it was an important step towards the broad beam OCT pioneered 
and used in our laboratory. 
Before going into detailed description of broad beam OCT, yet another development 
in the OCT technique is worth mentioning. It is a combination of two previous techniques 
described earlier. Radiochromic gel materials, similar to those used by (Tarte et al., 1997), 
were employed as detection media and a collimated laser beam scanner with the same set- 
up as the one described by (Gore et al., 1996) was used to obtain tomographic images 
based on optical absorption in the gel. Their radiation detector was a gelatin-based Fricke 
gel containing xylenol orange dye, similar to the detection medium developed at Surrey. 
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This was read out with an optical tomography scanner, using a green light laser (% = 543.5 
nm) and a photodiode detector, in a fashion analogous to a first generation X-ray CT 
machine (Kelly at al., 1998) and (Jordan, 1999). 
In summary the broad beam visible light OCT system that was suggested at the 
outset of this research project has been considerably developed and it now offers real 
possibilities for practical 3-D dosimetry. This chapter will present the basic theoretical 
principles of the OCT technique and the various stages of the development of the Surrey 
optical tomography scanner. The OCT scanner design, its components, construction and its 
use to measure spatial radiation dose distributions will be described. There are many 
review articles and textbooks on the theory of tomographic imaging and its application in 
general, for example (Cho et al., 1993). The special case of optical tomography is briefly 
reviewed in the following section, which is extracted mainly from the first part about X- 
rays CT in the book mentioned above and presented here in similar dialogue. 
2. Basic Theoretical Principles 
In the proposed optical tomographic imaging, changes in the test object's optical 
density is employed as the basis for obtaining spatial contrast measurements. The optical 
density of a medium, which is a measure of the light beam attenuation in the material. By 
definition Optical Density, OD, is the base 10 logarithm of the reciprocal of transmittance 
T: 
loglo 1 
Beer's Law takes the form: I= toe-' 
(5-1) 
(5-2) 
where lo is the incident light intensity, I the light intensity at depth x and a is a constant 
called the absorptivity or the absorption coefficient which is a characteristic of the material 
at a given wavelength. 
The transmittance is given by: T=j (5-3) 
0 
and therefore: OD = logo 
j° 
= Iog, o e "" = 0.435 ox 
(5.4) 
Therefore for a sample of a given thickness (a 1 cm sample cell was used in our 
quantitative calibrations) the optical density is linearly related to the absorptivity by the 
factor 0.435. 
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Optical absorption tomography data can be described in principle by considering the 
object to be made up of a number of discrete volume elements, V!, each characterised by an 
absorption coefficient c4(2). Light beam attenuation in the volume element Vj can be 
written as follows: 
I, = I, a e 
-J a, (z )dx (5-5) 
Consider a set of n volume elements of thickness Ax in each of which a is constant. Hence 
for a given voxel transmitted intensity can be written: 
I, = toe(-`A`) (5-6) 
For n voxels the transmitted intensity is simply the product of all attenuation factors as in 
the following: 
Ir = loe-(al+a=+a3+. -. 
)Ax (5-7) 
Defining L=nx Ax the total distance between the source and detector, where n is the 
number of light absorbing volume elements; previous equation could be rewritten: 
In +a2 +a3 +"""ýL, or 
1 
xl 
+a2 +a3 +"" Average a in L, i. e. Iý nLI, n 
average of the absorption coefficient in the optical path length L. More usually we write he 
natural logarithm of the incident and transmitted beam intensities ratio as: 
ln(I j 
)= f a(x+Y)dx =p (5-8) 
l rJ 
Where a(x, y) is two-dimensional distribution of absorption coefficients in the plane of 
interest for light of wavelength X. If a large number of such projections across any chosen 
section of the sample is recorded, the two-dimensional distribution of absorption 
coefficients can be derived. A number of well-known mathematical reconstruction 
algorithms developed originally for X-ray CT may be utilised for the OCT method. Three- 
dimensional distributions can therefore be built up from a set of stacked 2-D slice images. 
In principle as long as some light is transmitted through the object 3-D tomography 
is possible, but the accuracy is optimised when the object dimensions are of the order of 
several mean free paths (Ohta and Ueda, 1998); for a given object this can be achieved by 
selecting the most appropriate readout wavelength. Using light beams, refraction presents 
practical difficulties but has no fundamental impact on the mathematical description of the 
technique where a good optical matching between the media involved is assumed for this 
discussion . On the other hand 
in order to include scattering processes a more complicated 
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treatment is required so that different parameters should be included and a linear function 
representing these processes should be added in the formulation above. 
Transmission tomography imaging methods usually comprise the following main 
phases; sampling, interpolation, reconstruction and visualisation. A primary data set is 
obtained directly by sampling the physical transmission of an object, this data set may then 
need to be interpolated to give a second data set that is reconstructed into a new data array, 
which is used to display the final image. 
2.1. Sampling 
Consider the function f, (x, y) as a perfect representation of a two-dimensional (2- 
D) image field, which represents the spatial distribution of a physical property such as the 
optical density. A sampled data set can be obtained by multiplying the spatial domain 
image function with a 2-D spatial sampling function that contains a series of discrete delta 
functions, which have a1 in one matrix location and are 0 everywhere else: 
S(x, y) =i 
i5(x 
- j1&, y-j, &Y) (5-9) 
J l- i2. -°° 
Ax, Ay are the spacing and S(. ) is the Dirac delta function. Hence the sampled image 
function is given as follows: 
f, (X, y)=f, (X, y)S(x, y)_ Y. Yf, (ilAXtj2AY)t3(X-jIAXoY-j2AY) (5-10) 
A- 1: _-.. 
Taking into consideration the spatial frequency domain represented as F, (w,, wy) which is 
the Fourier Transform (FT) of the sampled image function f, (x, y) : 
F, (wx'wy) =f1f, (x, y)exp{ i(wXx+wyy)}dxdy (5-11) 
Using equation (5-10) and the convolution theorem, the FT of the sampled image 
f, (x, y) can be given as the convolution of the FT of two functions, the image function 
F, (ws, wy) and the sampling function S(ws, wy) : 
F, (w, wy) 41i 
F, (wx, wy)*S(ws, wy) (5-12) 
The 2-D FT of an infinite array of delta function is also an infinite array of delta functions 
in the frequency domain. The FT of the sampling function S(w,, wy) can be expressed as: 
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S(w:, wy) = 
4)r 2Ij: S(wx -Jix'xs+x'y -j2wy, ) (5-13) 
where w,, = 2/., and wy5 =2/ are the Fourier domain sampling frequencies 
corresponding to wx and wy respectively. Since the convolution of a function with a delta 
function is the function itself, equation (5-12) gives: 
1 F, (ws, wy)= l IF, (wx - j, wx,, wy - j2wy, ) (5-14) exoy ,, _-.. i__-.. 
Equation (5-14) represents the FT replica Fj(. ) of the original image function f4(. ) in the 
spatial frequency or Fourier domain with separation of 2ý and 21y . 
2.2. Interpolation and Reconstruction 
The image data set must be reconstructed by interpolation of the sampled data array 
after it has been processed. These two stages must be performed in order to obtain the final 
display of the image. Interpolation is usually achieved by convolution of the discrete data 
array with an interpolation function to form a continuous function. 
If the discrete array f, (x, y) is convoluted with an interpolation function r(x, y) then: 
fR = . 
f, (x, y) * r(x, y), or: 
fR 
- 
fi(j1&, j20Y)r(x-1i&c, Y-J20y) (5-15) 
Jl 12=x' 
Ax, Ay are the sampling intervals in the x and y co-ordinates. 
In the Fourier domain, equation (5-15) can be written using the Fourier convolution 
theorem: 
FR(wX, wy) = F, (w. , wy)R(wx, w,, 
) (5-16) 
R(wx, wy) is the FT of the interpolation function r(x, y) in the spatial domain and is 
known as the reconstruction filter function in the Fourier domain. It is necessary to single 
out F, (. ) from Fs(. ) even if there is no spectral overlap in FS(. ), therefore a reconstruction 
filter function is required. A classical form of this filter function is a rectangular band- 
limited filter of the shape: 
R(N, 
X v x, y) = 
K, for lwx 15 wxc and 
IWYI S wyc , 
0, otherwise . 
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where K is a scaling constant; w, and wy, are the cut-off frequencies in the w, r and wy 
directions in the Fourier domain, which satisfy the condition of exact reconstruction if 
w1: 5w 4 and wy<wJ2. 
Therefore, FT of equation (5-17) can be written as follows: 
r(x, y) = 
Kwx Z YC sin(wxx) sin(w, Y) (5-18) 
(w,. x) (WY) 
This is the required interpolation function because the reconstruction filter in the Fourier 
domain is equivalent to the interpolation function in the spatial domain. Another type of 
reconstruction filter is the circular filter described by the conditions: 
Image reconstruction from projection: 
R(wx, wy) . 
K, w, 2, + wy S wo, 
0, otherwise 
Where wo is the diameter of the circle and: WC+wSwö 
The corresponding interpolation function would be of the form: 
r(x, y) = 2w0 
J, wo xx+yx 
xx + yx 
Jj(. ) is a Bessel function of the first order. 
There are number of other reconstruction filters that can be used to produce good 
image reconstruction. Image reconstruction from projections is a well-known technique 
developed mainly for X-ray CT but it is widely employed in many scientific and medical 
routines. This mathematical image processing method can be used to reconstruct 2-D and 
3-D images with remarkable accuracy. 
2.2.1. Image Reconstruction from Projections 
Image reconstruction from projections is a mathematical image processing method 
that was originally developed for X-ray transmission CT. However it is widely used in 
many types of imaging systems, and is directly applicable to OCT. There are two 
procedures for reconstruction algorithms, for planar (2-D) and volume (3-D) imaging. 
Also, there are two main methodologies for reconstruction depending on the type of data 
configurations. The first is the divergent beam data configuration, which is very common 
in X-ray CT, and the other is the parallel beam type of data set, which is the simplest case 
of OCT. In the following discussion, the focus will be limited to the parallel beam scheme 
that was utilised at Surrey for optical tomography. Therefore the parallel beam data 
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configuration will be studied in detail and our argument will be limited to the planar or 2-D 
imaging modality, which is the basis for the 3-D procedure. 
2.2.2. Basic Mathematics for 2-D Image Reconstruction 
Projection data are the essential information needed for image reconstruction. 
Projection data consists of line-integrals of a quantity of interest along chosen straight lines 
inside a physical object. A set of such line integrals obtained at a given viewing angle 0 
forms a projection; projection data sets are acquired by repeated evaluation of the line- 
integral data over the angular range 0-180° (or 0-360°), generally at equal angular intervals 
dO. 
In mathematical terms, the line-integral (projection) transform of a function f(xy) 
denoted as po (x'), is by definition the line integral of the function along a line parallel to 
the y' axis at a distance x' from the origin, where (x', y') are the rotated co-ordinates of (x, y) 
with rotation angle 0. Therefore, taking the line-integral transform operator for a given 
function f as R[/] it can be written: 
Pý(x`) = R[f (x, y)) 
p4 (x`) =fff (x, y)8(xcos 0- x')dxdy (5-20) 
p0 (x') =Jf (x`cos 0- y'sin 0, x'sin 0+ y'cos O)dy 
Where: X'] _ 
cos 0 sin 0X 
(5-21) Ly - sin cos y 
The function po (x') is the 1-D projection of f(x, y) at an angle 0 The line-integral 
transform operator gives projection data along the y' axis, which is the basic data set 
needed to reconstruct 2-D cross-sectional images; this is why collection of projection data 
is considered to be the most important step in 2-D and 3-D image reconstruction. The 
projection operator described above has three main properties; firstly, projections are 
symmetric and periodic with the angle 0 with a period of 21C, therefore 
p4 (x`) = pOt., (-x`) ; this simply means that the projection data along a given line is the 
same irrespective of the direction of the sampling beam in transmission measurements. 
Secondly, line-integral transform leads to the projection or the central slice theorem 
through 1-D or 2-D Fourier transforms. Lastly, projection transform domain data provide a 
sinogram, see figure 5-1. 
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Figure 5-1: The relation between the line-integral projection and the resulting image 
functionf(x, y). 
2.2.3. Projection Theorem 
The relationship between the 2-D and the 1-D FTs of an object function f(x, y) and its 
projection data p0(x') is described in the following: 
PP(w) _f pm(x`)exp(-iwx`)dK' 
(5-22). 
=f 
ff (x`cos0-y`sinO, x'sin0+y'cos0)exp(-iwx')dx'dv' 
gives the basic principle of projection-based image reconstruction, which can he rewritten 
in the coordinates (x, y) as: 
Po(w)=f ff (x, y)expl-iw(xcoso+ ), sin O)Idvdv (5-23) 
On the other hand, we have w_x, = w coso and w,.. = w singt therefore: 
Po(w)=F(wcoso, wsinO)=F(wx`, y`) 10 
(5-24) 
or F(wx, wy) 10 =F(w, 0) 
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Here F(w, r, w,. ) is the 2-D FT of f(x, v) and or (w. r, w,. ) are the cartesian coordinates 
in the Fourier domain while (w, 0) is the polar coordinate. Equation (5-24) shows that the 
1-D FT of the projection data p0 (x`) at a given view angle 0 is the same as the radial data 
passing though the origin at a given angle 0 in the 2-D Fourier domain. This conclusion 
plays the key role in 2-D and 3-D image reconstruction from projection, and it is called the 
projection theorem. 
2.2.4. Sinogram 
A sinogram shows how the projection transform readout data from the object space 
domain (x, y) relate to the projection data space domain (x', O) This method can be clarified 
by taking a random point q at (x, y) or at (r, 0) in the object space domain and then applying 
a projection transform to see the corresponding points in the projection domain at different 
angles. When all the points on one line, that is the ray direction in the object domain, are 
dropped by the projection transform onto a single point (x', O) in the projection domain, the 
random point q at (r, B) is also represented as a point in the (x', 0) domain, according to the 
relation: x`= rcos(O - 9) . 
This formula suggests that a point q at (r, 9) will follow a 
sinogram in the projection domain (x', O). Figure 5-2 shows such a sinusoidal track of a 
point q at different viewing angles. 
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Figure 5-2: Presentation shows that a point q(r, B) follows a sinogram function in the 
projection space (x', 0); (a) Oo=O°, (b) 01=45°, (c) 42=60°, (d) 4, =135° and (e) 04= 150' 
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and (f) shows a sinogram that translates the rotational behaviour of each pixel in the 
spatial domain onto the projection transform domain. 
2.2.5. Inverse Projection Transform 
Image reconstruction from projections can be done using inverse projection 
transform of the projection data sets po (x'). When the 2-D FT data in the Fourier domain 
F(wX, wy) are obtainable, then the image data f* (x, y) can be calculated by the inverse FT: 
f *(x, y) =f 
1F(w, 
wy) exp[i(xwx + ywy )]dwxdw,, =f *(r, 0) (5-25) 
The above equation can be written in polar co-ordinates as follows: 
x 
f'(r, 0) =jf 
F(w, O)exp[iw(xcoso+ y sin o)]IJldwdo (5-26) 
00 
here: 
xcoso+ysino=x`, w= wz+w20=tan, W =WCOSO, wý, =wsino, y /ll _ 
IYwx w 
and IJI is the Jacobian which can be written as follows: 
awx awy 
äw äW 
= 
cos sin 
_ wcos 2O+ wsin 20= IwI (5-27) 
xr-w sin ow cos o 
ao ao 
Taking into account this information equation (5-26) can be written: 
x-n 
f0 (r, 0) =J f1wIP4 
(w) exp [iw(xcos o+y sin 0)]dwd0 =jp; (x') do (5-28) 
0-- 0 
The above equation describes an estimated image function f* (r, O) obtained by 
reconstruction process with the inverse projection transform that involves both filtering 
and back projection procedures. 
2.2.6.2-D Slice Image Reconstruction with the Parallel Beam Method 
This section describes the method used in OCT, which is characterised by the 
parallel beams of light used to obtain 2-D and 3-D images using a filtered back-projection 
algorithm. The parallel beam mode is considered to be the simplest one to understand and 
implement, consequently filtered back-projection is the most frequently used 
reconstruction method in CT imaging. The object function f *(x, y) obtained from the 
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projection theorem and equation (5-23) can be recovered easily from the projection data pm 
(x'): 
f* (x, y) =1 
f do f dr`pm (x`)h(cos o+y sin O- x`) (5-29) 
0 _W 
h(x) is obtained from the inverse Fourier transform of the Jacobian Iwl = H(w). Both h(x) 
and H(w) represent one dimensional (1-D) operators in the spatial and Fourier domains 
respectively. 
An important factor in image reconstruction is choosing an appropriate filter 
function. Three types of these filter functions will be discussed below starting with the 
simplest one, which is the Ram-Lak filter. This filter is derived from the function 
H(w) = wI and it was first developed by (Ramachandran and Lakshiminarayanan, 1971). 
In the Ram-Lak filter the object function is band-limited in the spatial frequency domain 
by a constant B that means the filter kernel can be defined as: 
IwI (ICI ý 2rB) HRý(w) _ (5-30) 
10, 
(otherwise) 
The related spatial domain filter kernel hR/, (x), derived from the inverse FT of HR/, (vv), can 
be written as follows: 
hRL (x) =1JH RI. (w) exp(ixw)dw =1 
, ýr fI 
"I exp(ixw)dw 
IT 2) 
', ER 
=2B2 sinc(27rB. K)-B2 sinc'(, ZE. x) (5-31) 
sine(x) = sin(x)/x in this equation. Figure 5-3 below shows the filter function and kernel 
described in the above equation. 
H(w) h1 
Shepp-Logan litter 
-B 0B 
Ram-Lak filter 
w 
Hamming windowed filter 
Figure 5-3: Three different band-limited digital filters of sampled data that show the 
repetitive nature of these functions. 
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The Ram-Lak filter kernel is generally sampled in the spatial domain and therefore the 
filter function in the Fourier domain is a set of band-limited spectra, which repeat 
periodically. The sharp boundary of the Ram-Lak filter introduces ringing artifacts in the 
reconstructed images due to the oscillation in the spatial domain filter kernel. This can be 
corrected by introducing a smooth and continuous function at the bandwidth repeated 
frequency. The Shepp-Logan filter is also used to reconstruct optical images, this function 
having been proposed by (Shepp and Logan, 1974) as an alternative to the Ram-Lak. 
Shepp-Logan introduces a sine-weighted function to the J function, which was found to 
remove the ringing-artifact successfully. Shepp-Logan is defined as follows: 
Hsc (w) =J 
+n 4B Iný < 21rß (5-32) 
0, otherwise 
and therefore the filter kernel in the spatial domain will be: 
B 1- cos 22rB[(, B) + x] 1- cos 27rB[()B) - xJ h. (x) _ 7r (+ 
(5-33) 
4B)+x (/4B)-x 
It is very important for the filtered back-projection method to have uniformly sampled data 
in both the linear translation as well as the angular direction and it may require data 
interpolation in some cases. Nevertheless the filtered back-projection algorithm is still the 
most popular method for image reconstruction. It gives high quality images with good 
computational efficiency. Finally, the 3-D optical images of an object can be formed by 
stacking 2-D slice images that were reconstructed using projection data as described 
previously. 
3. Surrey Optical Imaging System 
The principles of the optical imaging system we proposed and developed for 
dosimetry purposes are similar to those used in X-ray CT. In OCT the absorbance or 
`optical density' of the imaged object is the main physical quantity that has been used to 
obtain the projection data sets. The optical absorbance is related to the light beam 
transmission T which is defined as T=I(2)/I0(2). Neglecting the effect of polarisation the 
absoption coefficient a may be considered as a function of the light wavelength only, for a 
given material. For a homogeneous and transparent object of thickness x containing N non- 
interacting absorbers, each of unit thickness absorbing light at the wavelength A, the 
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intensity of a transmitted light beam of incident intensity Io(A)is given by equation (5-5). 
Both I and la are measured in practice, hence acan be calculated from the simple relation: 
a(. Z) In 
10 (ý) 
1(2) 
(5-34). 
When the sample is not optically homogenous a will be a space-variant function that gives 
the distribution of the optically active regions in the object. Therefore by directing a 
monochromatic light beam along the y direction for example the transmitted light intensity 
can be described by equation (5-6). Hence projection data p(x) can be obtained by 
integrating the absorption coefficient over the sample thickness, or in the discrete form it 
can be represented as a summation of N unit thickness voxel absorption coefficients along 
the light beam path through the object: 
i=N 
p(x) = ja, (x, Y)Ax, i=1,2,..., N. (5-35) 
i=I 
The differences in the optical absorption coefficient in the material under 
investigation are related to the contrast measured in the OCT method. Projection data 
acquired at different angles form the basic information needed for optical tomography 
image reconstruction. Each set of projection data is in fact the integral of the transmission 
coefficients q Ax along the direction of the light beam. Figure 5-4 shows a simple 
representation of the light absorption contrast process in a single ray case as well as in a 
two-dimensional array. 
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Figure 5-4: Simple representation of a parallel light beam absorption, (a) absorption 
in a number of volume elements along the beam path in an object, (b) absorption in 
two-dimensional matrix of volume elements. 
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Using a simple optical arrangement, a broad parallel beam of light that covers the 
whole object can be obtained. Optical transmission data is acquired at a chosen viewing 
angle 0, then the object (or the source and detector together) should he rotated by a small 
angle AO and the process repeated until the object has rotated through 180°, or 360°, 
depending on the acquisition program. The following drawing, figure 5-5, shows a simple 
representation of this rotate-only scanning system. 
Sample rotation CCD 
Lens mechanism detector 
Ligh 
sourc 
St 
glass screen 
Figure 5-5: Parallel beam scanning in which the object rotates. By rotating the sample 
through small successive angular increments a sequence of projections can be 
recorded from which tomographic images can be reconstructed. 
The recorded projection data forms the input to an image reconstruction algorithm based 
on the back-projection method with some form of filtering, which is used to obtain an NxN 
image matrix. 
3.1. Scanner Components and System Set-up 
The main difference between OCT and X-ray CT is the use of a light source instead 
of using an X-ray tube to acquire images, while the reconstruction and visualisation are 
almost the same. The essential components of the OCT scanner are described in the 
following block diagram, figure 5-6. The set-up is illustrated in the following simple 
schematic diagram, figure 5-7, but in a later version in order to fit this scanner into a small 
space, mirrors were used to change the direction of the light beam. 
The Surrey optical tomography scanner consists of the following main components. 
A light source that is made as close as practically possible to a point source. A hand-pass 
filter selects a region of the visible spectrum of particular interest. A converging lens 
collects a cone of light coming from the point source to term a broad parallel light beam. 
In practice a 10 cm diameter cylindrical condenser lens was employed which limited the 
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Parallel beam bens Ground 
width of the parallel light beam generated to 10 cm and therefore also limits the scanner's 
maximum field of view. Larger lenses can be used to improve the scanner, but this will 
cost more because lens prices increase significantly with their size. A perspex tank houses 
the gel phantom and a refractive index matching liquid (water), together with the sample 
holder and sample movement mechanism. A translucent screen is placed on the exit face of 
the tank, on which is formed a shadow of absorptive regions within the gel. This shadow 
projection image is focussed by lens and recorded with the detection and digitisation 
system, which comprises mainly a low cost CCD camera and a PC frame grabber card. A 
computer with the relevant software is used to acquire, process, reconstruct and visualise 
optical data, and it also controls the movement of the sample and/or the detector. 
Light source: 
Optical components put in front of 
"Sodium or N, Iercur:, lamp 
the object: "Ream shutter, Lenses 
and Dass-hand Filters". 
Optical components placed 
Phantom contains the object "gel 
sample", matching medium AOMM after the object: Wobbling "water" and turntable dri%cn hN 
screen and Lenses. stepper motors. 
('umputer and the required S(ºfh%arv for data 
camcrýº acquisition. reconstruction and V isualisation. 
Figure 5-6: Block diagram of Surrey Optical Tomography scanner. 
Band- Matching 
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Figure 5-7: The optical tomography scanner components and set-up, a side view. 
In the following, detailed description of the principal components of our scanner is 
given, and also some emphasis on the differences between this set-up and other optical 
imaging scanners developed for 3-D radiation dosimetry are presented. 
3.1.1. Light Source 
An isotropic light source of adequate intensity is required to pass thought the water 
tank containing the matching refractive index solution and the test object before reaching 
the CCD detector. A variety of light sources can be used either monochromic or those 
emitting a wide wavelength range. Due to the nature of the FXG optical absorption 
spectrum, at first we used a low-pressure sodium lamp (Philip Harris, Catalogue No. 
Q62900/7) to perform single wavelength tomographic measurements. Sodium light is 
characterised by its strong emission line at 589.6 nm; this closely matches the maximum 
optical absorption of irradiated FXG dosemeter, which lies in the range 585-590 nm. A 
band-pass filter is placed before the lens to stop light at unwanted wavelengths coming 
from the source. However, the sodium lamp available for our experiment was rather old 
and its light intensity was poor. Also, the FXG detector has different response levels at 
different wavelengths in the visible part of spectrum, which is an advantage we wished to 
exploit. We decided to use a mercury lamp (PASCO Scientific, Model No. 05-9286-220) 
with much higher intensity and multiple emission lines that allows other regions of the 
light spectrum to be used by filtering the wavelengths of importance for our imaging 
experiments with the same set-up. Mercury has three intense emission lines located in the 
visible range of the spectrum at wavelengths 435.8,546.1 and 580.0 nm, which correspond 
very well to regions in the FXG absorbance spectrum of interest for radiation absorbed 
dose measurements. Figure 5-8 shows the absorption features of FXG irradiated up to 
about 10 Gy and it clearly suggests the possibility of selecting certain wavelengths to 
optimise the absorbance measurements. 
A shutter with a pinhole was used in order to achieve a light source close in its 
geometry to a point source. This point source is placed at the focus of an optical lens that 
transforms the cone of light into a broad parallel beam. A 10 cm diameter lens produces a 
10 cm wide parallel beam, which in turn can be used to acquire projections of an object up 
to similar dimensions without the need for any sample translation movements, apart from 
simple rotation. 
The use of normal incoherent visible light sources that gives the possibility of 
obtaining a wide parallel light beam using simple geometrical optics, plus the fact that we 
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were able to select optimum wavelengths corresponding to the detector response. are some 
of the important differences between the Surrey OCT method and OCT used by other 
groups for 3-D dosimetry. For example, light scattering based OCT used in conjunction 
with the polymer gel dosemeter, employs a laser beam which is a monochromatic narrow 
beam of light and hence requires linear transitional scanning movements that greatly slow 
down this optical imaging procedure (Gore et al., 1996). 
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Figure 5-8: FXG absorption spectra of irradiated samples measured against 
unirradiated controls, the arrows show wavelengths that can he obtained from a 
mercury lamp and utilised for OCT imaging. 
3.1.2. Tomography Set-up 
A portable parallel-sided Perspex tank was designed and manufactured in order to 
study the feasibility of obtaining optical tomography images using the absorption 
properties of transparent radiochromic gels. A simple drawing of this portable phantom can 
be seen in figure 5-9. 
The sample tank was originally designed to fit inside the Camspec spectrophotometer 
sample chamber to give us the option of using the same equipment to perform 
spectrometric optical tomography. Sample rotation was controlled using a very simple set- 
up comprising two aluminium toothed wheels (RS Components Ltd., Corby. IJK. Stock 
No's. 744-946 and 745-652) linked with a Synchroflex`"' belt (RS Components Ltd., Corby. 
UK, Stock No. 744-615), which transmit the rotation of a stepper motor axle to the sample 
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turn-table with angular precision of about 0.5°. This prototype system worked successfully 
and the initial results have been published (Bero at al., 1999b) and (Bero et al., 2(XX)b). 
Stepper Motor 
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Figure 5-9: Surrey portable optical tomography sample tank. 
The images obtained from this simple system were in fact state of the art at the tinme. 
despite the fact that it was assembled from inexpensive components and tested without 
much development of the software. The system imaging speed was about 20 minutes for 
325 projections, each of which is the sum of ten frames of CCD data to reduce the effect of 
random detector noise. This was reconstructed into a stack of 128 tomographic slices each 
consisting of 128x128 square pixels 0.3x0.3 mm2 in size; the slice thickness was also 0.3 
mm. This resulted in fairly reasonable 3-D images given the simplicity of the system. 
Nevertheless several areas that require improvement were identified such as the need for 
more precise sample movements, a better quality CCD detector, better quality lenses as 
well as a better light source. Some other drawbacks need further investigation, for example 
the refraction and reflection problem, reducing ring artifacts and improving the size of the 
field of view to allow application to larger phantoms. 
Taking into account experience accumulated using the portable scanner, a bigger 
sample tank was built with a larger field of view to provide 3-D dose measurements in 
samples that simulate real size body parts. It can be described as a parallel-sided cube of 
polished Perspex of the following dimensions 27 cm width, 27 cm length, 32 cni high and 
wall thickness of 1 cm. The tank contains a fully automated rotation table on which the 
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object is placed (Model number RT48, Time and Precision, Basingstoke, Hants, England. ). 
This turntable has a factor of ten better angular precision than the one described above. Its 
rotation is controlled with a PC-driven stepper motor (VEXTA`N', 2 phase, 1.8° per step, 
Model PH265-50, Oriental Motor Co., Ltd, USA). The improved design also allows the 
whole tank to be moved horizontally at right angles to the light beam using another stepper 
motor and a worm gear (VEXTA°, 2 phase, Model PH296-01, Oriental Motor Co., Ltd. 
USA). Sample rotation is performed after setting the required angular step in the 
acquisition program, which can be double-checked against the existing scale on the 
turntable itself. The scanner control program also allows the user to select different rotation 
speeds by setting the desired number of steps per second. In the newly assembled scanner 
it is also possible to translate the entire phantom in the direction perpendicular to the 
optical axis of the system. This feature is used to wobble the sample sideways in order to 
eliminate unwanted image artifacts; it could also be employed to study other optical 
tomography methods such as the laser beam arrangements. 
3.1.3. Charged Coupled Devices (CCDs) 
CCDs are key elements in several optical tomography scanners and advances in CCD 
manufacture have played a significant role in the development of high-resolution optical 
tomography. Historically CCDs were introduced more than three decades ago as a detector 
capable of recording images for low level visible light. The development of solid state 
microcircuit devices in the 1990s produced highly sensitive small size CCDs that can he 
found in many optical components and cameras (Knoll, 20(X)). The CCD surface is usually 
divided into a large number of pixels by a pattern of metal electrodes, see figure 5-10. 
Rarliatinn (h v) Metal 
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Figure 5-10: A cross-section through a CCD microcircuit that shows the device 
configuration. 
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The CCD elements store the charge that is liberated by light falling on each pixel. The 
charge in each pixel is then passed from pixel to pixel by control signals until it reaches the 
end of the row where it is digitised by an ADC and recorded in a memory array. 
The availability of sensitive low cost CCD cameras as well as the simplicity of their 
method of readout were key elements in transforming the performance of optical 
tomography scanners. Our particular device cost £130 (RS Components Ltd., Corby, UK, 
catalogue number 208-0200) and contains a 768x536 pixel array. Each pixel is capable of 
functioning as an independent detector element so a very large number of closely spaced 
light beams can be measured in parallel. This parallel beam readout mode speeds-up data 
acquisition enormously and facilitates the reconstruction of 2D optical projections in a 
single measurement during which the sample is stationary. 
3.2. Software for OCT Acquisition, Reconstruction and Visualisation 
The hardware required for the OCT designed in house was simple, using off the shelf 
components available from most computer and electronic stores at reasonable cost. A PC 
with enough hard disk memory to store large image data files plus a frame grabber card 
that has 10 bit digital resolution were used in this project for developing our OCT system. 
Tomography software, which was originally written for an X-ray micro-tomography 
system, was modified to accommodate the specifications of the new OCT with parallel 
beam geometry rather than the fan beams used in X-ray CT. Three main programs were 
used to acquire and reconstruct data and display images. Using Visual Basic programming 
tools a program called 'OPTO_ACQ' was used to acquire projection data from the optical 
tomography scanner in pre-selected fashion. Also a code called 'RECON' was employed 
to reconstruct the acquired data using the filtered back projection method. The code finds 
optical projection data obtained from the optical acquisition program, converts it to relative 
intensity, and then reconstructs optical CT images using filtered back projection routines. 
Visualisation was done with the help of IDL (Interactive Data Language, Research 
Systems Inc. ) software `IDLVIEW' routine, which can be utilised to view 2-D slice 
images, 3-D volume images as well as one dimensional data profiles. 
In later stages in the project IDL was also used to develop new reconstruction 
procedures that allow us to add in various correction routines in order to eliminate various 
systematic errors arising during the data acquisition phase. A back projection algorithm 
called "RIEMANN' is already implemented in IDL and with a little work on the code we 
got the reconstruction code "RECON" that uses IDL software entirely. Various parameters 
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have been taken into account by the code RECON in the process of reconstructing the 
optical images accurately. Beam geometry, interpolation and filter types can be selected, 
2 
and also the signal to noise ratio of the detector, which is defined as SNR = 
Li 
, where o 
is the variance of the signal and Qn is the variance of the noise, is also given. 
4. Results and Discussion 
The FXG radiochromic gel was used both for the development of the OCT technique 
as well as for investigations designed to assess its use as detector for 3-D dosimetry. In 
almost all experiments mentioned in this chapter the FXG gel composition was kept the 
same as reported in chapter 4 as well as in an earlier publication (Bero et al., 2000a). FXG 
has a refractive index which is close to that of water (n = 1.33), so water was chosen as the 
matching medium inside the Perspex tank to ensure that the scanning light beams suffered 
no discontinuity as they entered and exited the dosemeter sample. Several other solutions 
were examined for this role with the most promising being glycerol 99% diluted in water, 
figure 5-11. Glycerol C3H803 density is 1.26 and refractive index n=1.47 obtained from 
(Simag-Aldrich co. Ltd., Gillingham, Dorset, UK. ). Refractive index of distilled water 
samples that have different Glycerol concentrations were measured at laboratory 
temperature - 20°C using Abbe Refractometer Model 60/ED (Bellingham & Slanly Ltd., 
Tunbridge Wells, Kent TN2 3EY, England), see figure 5-11. 
For OCT imaging experiments gel dosemeters were formed into a cylindrical shape 
inside thin-walled transparent plastic vessels sealed with airtight caps. These were about 5 
cm in diameter and 7 cm high which falls well within the field of view of the OCT scanner, 
which is currently about 10cm diameter. A gel sample is made following the usual 
procedure and while it is still in the liquid phase it is poured into a clean container which is 
then placed in a refrigerator at a temperature of about 4°C for a period of time between one 
hour and several days. 
Narrow beam irradiation was performed using a collimated X-ray beam generated by 
various tubes with the tube voltage ranging between 50 and 200 kV, then OCT readout was 
normally carried out within an hour after irradiation to minimise signal blurring due to ion 
diffusion. This is important when accurate high-resolution 3-D dose patterns require to be 
measured. In the following some examples of dose distributions in FXG were measure 
using the Surrey OCT scanner. Our initial trials, made with the portable scanner, are 
131 
described first, then more results with the larger size tank are given, and finally some other 
aspects that were considered during the development of this project are mentioned. 
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Figure 5-11: Refractive index alteration using different concentrations of glycerol. 
4.1. Early Trials with the Portable Scanner 
Dose distribution images were obtained from an FXG gel phantom exposed directly 
to a cone-beam of X-rays about 25 mm away from the tube's target. The 325 projections, 
each consisting of a rectangular plane image of 128x128 pixels, were acquired in 
approximately 20 minutes, as the sample rotated through 180°. Projections were recorded 
as sinograms, which are reconstructed to give slice images afterward using Shepp-Logan 
filtered back-projection routine. The reconstruction of a complete 3-D data set took in this 
example about 10 minutes. Figure 5-12, show examples of basic projection images 
captured at different angles. Projections were reconstructed onto a 128x 128x 128 matrix 
that shows the 3-D dose distribution with voxel resolution of about 0.3mm. Figure 5-13 
illustrates an example of employing OCT technique for dose distribution measurements 
using FXG detector: (a) a sinogram of acquired optical data that was used to generate 
single slice image, (b) 2-D reconstructed slice image in the middle of the irradiated sample 
and (c) is a complete 3-D data set of combined slices which represents the spatial dose 
distribution. 
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Figure 5-12: Single projection images taken at three different angles taken during 
tomography imaging: (a) at the start projection number 1, (b) in the middle projection 
number 162 and (c) at the end of the OCT data acquisition projection number 325. 
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Figure 5-13: A set of OCT tomographic images: (a) sinogram. (b) it slice 
reconstructed image in the middle of a7 cm high cylindrical sample, and (c) is it 
complete 3-D data set obtained from the combination of all slices in the sample. 
This data was obtained by exposing an FXG gel sample to a cone-beam produced by an 
Oxford Instruments XFT5005 silver target X-ray tube operated at 50kVp. 0.6mA for 15 
minutes. The sample was placed 25mm from the X-ray tube target. The dash-lines show 
the boundaries of the container, and the arrow indicates the direction of the incident 
radiation. 
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4.2. Experiments with a More Realistic Phantom 
With many other changes to the preliminary set-up, the OCT scanner was employed 
in various experiments aimed to characterise it and to verify its capability to read out 
radiation dose distribution with high-resolution measurements. Some of these experiments 
were designed for the purpose of tuning the scanner performance in order to achieve the 
best possible results, and also to compare the quality of our OCT images with other 
reported OCT methods for 3-D dosimetry (Kelly et al., 1998) and (Wolodzko et al, 1999). 
In all these investigation a mercury vapour discharge lamp was used as the source of light, 
and all the plastic sample containers were of the type shown in Figure 5.12. Wobbling 
effects were applied to the sample, by moving the whole tank, and to the diffuser screen in 
order to minimise ring artifacts. A number of CCD frames were summed in the process of 
recording each projection to achieve an acceptable signal to noise ratio. This number 
varied between 10 and a 100 per projection and a compromise was made between the time 
required to acquire and reconstruct images on one hand, and the quality of the image 
obtained on the other. In most of the'imaging experiments described below the number of 
projections recorded was 402 (i. e. approximately 128xn). This ensures that a 128x128 
reconstructed slice image has a pixel resolution of at least 560 µm. Normally 100 slice data 
sets were acquired in each experiment, corresponding to a slice thickness of about 140 pm. 
Each projection data set is the sum of 20 CCD frames, which are recorded in less than 6 
seconds. Hence the total acquisition time for a full 3-D optical data set with these settings 
is about 40 minutes. Samples are usually scanned before irradiation to provide a data set, 
which can be compared with that from the same sample after irradiation. This eliminates 
most systematic errors associated with the system provided the sample is accurately 
positioned on the turntable in the tomography tank. To suppress ring artifacts, samples 
were wobbled horizontally by moving the tomography tank random amounts 
corresponding to a few CCD pixels and the diffuser screen was oscillated vertically.. 
4.2.1. Pixel Resolution and OCT Image Qualities 
In order to investigate the effects of pixel resolution, a plastic cylindrical vessel was 
filled first with pure water and optically scanned, and then unirradiated FXG gel was put in 
the same container, which was optically imaged as a uniform sample. The initial scan was 
used in order to correct for any defects in the container or any other part of the system and 
hence relatively clean images were obtained. Optical images in the experiment were 
acquired and reconstructed using four different pixel resolution settings within the 
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maximum digital resolution of our system, which is currently 768x536. One slice in the 
middle of the object was reconstructed from four different experiments in which pixel 
resolutions of 64x64,128x128,256x256 and 512x512 were used. A comparison between 
these four slice images is presented in figure 5-14. 
(a) (b) (c) (d) 
Figure 5-14: OCT slice images reconstructed at different pixel resolution, (a) (mixt, 4, 
(h) 128x128, (c) 256x256 and finally (d) 512x512. 
For some 3-D dosimetry applications it is important to achieve relatively high pixel 
resolution, however even as high as 512x512 needed only about 3() minutes for acquisition 
which is very quick compared with other imaging modalities used for 3-1) dote distribution 
measurements. 
4.2.2. OCT Imaging of Irradiated FXG Sample with a Single Beam 
One gel sample was irradiated for 10 minutes along the axis of the rvlindrIeal yes el 
with a 20 mA, 100 kVp X-ray beam. Image reconstruction was via the filtered hack- 
projection method, and examples of reconstructed slice images are shown in figure 5.15. 
Image (a) is the top slice in the sample and is nearest to the X-ray tube anode, and 
hence is the most intensely irradiated, (b) shows the (lose distribution in a . lice at the end 
furthest from the tube where the dose is much lower due to the fact that the X-ray heanu is 
attenuated by a7 cm thick layer of the detector material. The same sample was 
interrogated 24 hours later using the same acquisition set-up and images for the saiur slices 
were reconstructed. Compared with the clear evidence of the beam intensity recorded in 
both (a) and (h), image (d) has faded substantially and in (e) has almost completely 
disappeared. The sample was stored in the laboratory at room temperature hetween Ihr mo 
readouts and image fading and blurring effects caused by colour diffusion has Seriously 
degraded the dose distribution images. 
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Figure 5-15: OCT images of a single X-ray beam. First and last slice images, (a) and 
(b) respectively, were acquired immediately after irradiation, (c) shows it sinogram 
corresponding to projection data for slice image (a). Similarly (d) and (e) present 
images acquired one day later of the same slices. (t' is the sinogram for slice (d). 
4.2.3. Cross-Beam Irradiation Perpendicular to the Sample Rotation Axis 
In this experiment an FXG gel sample was irradiated with a collimated 100 kVp X- 
ray beam for 10 minutes at two different positions perpendicular to the sample rotation 
axis. The first optical imaging test was started almost immediately after irradiation 
finished. It usually takes a few minutes to fix the sample accurately in position and to 
select the required parameters in the acquisition program. However this initial short delay 
helps in obtaining more accurate readings since the colour change reaction requires a few 
minutes to completion in the irradiated section of the gel. This irradiated sample was 
readout for four different image pixel resolutions in order to reach the best compromise 
between image quality and the time required to acquire and reconstruct the tomographic 
data obtained. Figure 5-16 shows slice images selected from the middle of the sample at 
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the level corresponding to the X-ray beams to demonstrate the effect of changing pixel 
resolution. 
(a) 64x64 (b) 128x128 (c) 256x256 (d) 512x512 
Figure 5-16: OCT slice images of a cross-beam radiation pattern in an FXG gel 
sample, for different values of the system pixel resolution. 
This fading in the dose pattern is not all caused by increasing the number of pixels but is 
partly due to the diffusion of ferric ions and colour molecules that occurs in the FXG 
system with increasing time delay after irradiation. Better quality CCD detectors are 
becoming commercially available at the present time, so pixel resolution could be 
increased substantially if required. It may even be possible to obtain a two dimensional 
CCD array that is as large as the field of view (FOV) of our current OCT system which is 
about ]OX 10 cm2. In that case there would be no need to collect shadow images via a lens 
system but rather it would be possible to obtain transmission images directly with a big 
gain in light collection efficiency. 
4.2.4. Irradiation with Multiple Beams Parallel to the Sample Rotation Axis 
Two experiments were performed with multiple irradiation using unfiltered X-ray beams 
collimated to 0.5 cm diameter. Before irradiation the sample was scanned in order to obtain 
an initial data set that is used to make correction for all systematic imperfections in the 
container wall and the residual refraction artifacts due to the optical differences between 
the materials involved. 
Three-Betruns Dosimetry Experiment: 
In this test using an X-ray tube operated at 100 kVp and 20 mA. A gel sample was 
exposed first for 30 minutes, then for 20 minutes in another position, and finally at a third 
place for 10 minutes. The sample was then examined by the OCT system with pixel 
resolution of 128x128, and all the other practices mentioned earlier in this section were 
applied. Sample wobbling and shadow screen vibration was applied as well as summing 20 
frames in each of the 402 projections that were recorded. The irradiation phase took about 
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one hour in total, and because the X-ray tube cooling system was broken, the temperature 
rose in the laboratory to such an extent that the gel started to dissolve. Fortunately that was 
not too damaging in the middle of the sample where the dose distribution was of special 
interest, since the temperature affected the outside of the sample first. Ilowever, it did 
soften the solid gel to some degree which caused the size of the beam to look bigger than it 
really was; also the contrast in the first and last few slices were false due to the rapid 
colour diffusion in this situation. There was also some damage to the plastic vessel caused 
during irradiation, which introduced artifacts in a few slices at one side of the sample, 
which could not be corrected for. These effects can be seen clearly in figure 5-17 which 
presents a reconstructed slice image from the middle of the object (a), and another slice 
image (b) was taken from the last five slices in the sample close to the beam exit points. It 
also demonstrates the impact on the OCT reconstructed images from any damage to the 
vessel wall after the initial correction pre-scan has been recorded. The sinogram from 
which slice image (a) is obtained is shown in (c). Some artifacts still appear in the final 
images due to imperfect correction arising from (i) damage to the container during or after 
the irradiation process, (ii) misalignment of the sample with respect to the correction scan 
acquisition, and (iii) inaccurate assessment of the optical properties of the vessel and/or the 
gel. The bright regions between the irradiated spots are believed to he similar to the 
streaking artifacts found in X-ray tomography which are caused by highly attenuating 
regions (Doran et al., 2001). 
(a) 
Figure 5-17: Dose distribution of three X-ray beams directed parallel to the axis of the 
cylindrical containing vessel. 
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Four-Begun Dosimetry Experiment: 
The previous experiment was repeated, this time with four beans all parallel to the 
sample axis and for shorter irradiation times of 20,15,10 and 5 minutes. This time the tutee 
cooling system was working and the gel sample did not overheat. Optical readout was 
made with identical settings to the ones used above and it slice image from the middle 
plane of the sample as well as the sinogram of the optical data used to reconstruct this 
image are presented in figures 5-18 (a) and (h). In the same figure images (c) and (d) show 
a slice image at the end of the irradiated FXG gel sample, which is remote from the X-ray 
tube target together with its corresponding sinograni. 
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Figure 5-18: 2-1) dose distribution recorded with FXG gel dosemeter and readout 
using the OCT technique (a) reconstructed image of slice number 50, (h) sinogram of' 
this slice, (c) is reconstructed image of slice number 98 and (d) is its sinugram. 
One clear difference between images (a) and (c) is that the measured dose value are 
genuinely different and this is related to the relative intensity of the beam at each of these 
two planes in the gel sample, which are separated by about 3.5 cm of gel material. A 
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variation in the cross-section of the dose distribution at different depths in the gel detector 
is apparent which was also found when polymer gels and laser optical tomography were 
used by (Gore et al. 1996). This effect has nothing to do with the ion diffusion problem 
because these images (a) and (c) were acquired simultaneously. However the diameter of 
the beam is expected to increase with depth due to photon scattering. Another difference is 
the refraction artifacts that can be seen clearly on the left hand side of image (c) this is due 
to a scratch damage on the container wall which occurred after the correction scan had 
been recorded. The damage, which is clearly evident on the container wall, results in image 
(d) as distinct bright lines, which are similar to and have the same pattern as other lines that 
are caused by the wall mismatching effects. Other less important refraction artifacts are 
resulting from imperfection in our current correction protocol. 
All 100 slices displaying the 2-D dose map cross-sections were combined into a 3-D data 
set, which is the spatial distribution of radiation dose, Figure 5-19. The cross-sectional 
plane images superimposed onto this spatial dose distribution are not quantitative measures 
of their relative position in the figure, but rather a demonstration of the 2-D distribution at 
various points along the beams. 
:i 
t 
S 
º 
"S 
"S 
º 
mss..... 
............. 
" 
Figure 5-19: A complete 
3-D dose distribution 
reconstructed from I (X) 
planar slices in an FXG gel 
sample irradiated with four 
X-ray beams. 
140 
4.3. Light Refraction and Reflection Problems 
Since it is difficult to achieve perfect matching of the refractive indices of the gel 
container wall, the gel materials and the water in the tank, reflection and refraction artifacts 
do exist in some of our OCT images. Using glass bottles to contain gel samples introduces 
refraction artifacts due to their relatively high refractive index (1i = 1.5) compared to the 
matching solution (water n=1.33) and the FXG gel (measured ii-1.36). Glass containers 
also produce reflection artifacts, mainly because they are usually thicker and they have 
smaller diameter. Image distortion caused by refraction and reflection can he seen clearly 
in figure 5-20 which shows a slice image of two glass bottles containing FXG where one 
was irradiated and the other was not. It demonstrates the seriousness of the effects of 
refraction and reflection when the gel materials are put into glass vessels, and the 
importance of choosing the right container on the one hand and developing a system that 
can correct for such systematic imperfections on the other. Lots of work has been clone on 
this point using optical ray-tracking simulations through different transparent media 
(Doran et al., 2001). However unanticipated damage to the sample container remained 
difficult to be correct. 
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Figure 5-20: Refraction and reflection artifacts caused when glass bottles are used to 
contain FXG gels. 
Optical imperfections in the container wall, or as we saw earlier any damage to it 
during the irradiation or the imaging procedures, could introduce serious defects in the 
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resulting OCT images. For example, figure 5-21 shows a slice image of unirradiated gel 
put into a faulty vessel. Poorly matched containment makes refraction and reflection 
increase markedly, altering the direction of the interrogating rays of light at boundaries 
between media causing them to depart from ideal straight lines. Hence intensity levels in 
certain pixels in the shadow projection image will no longer hear a unique relation to paths 
within the body of the gel. These effects were found to be particularly strong at the edges 
of the cylindrical containers. If the container walls are thin it may be possible to consider 
refractive effects due to their wall thickness to be negligible although this will not reduce 
reflections at interfaces. The refraction problem was studied theoretically with a computer 
program that traces the optical rays as they pass through the FXG gel sample in a 
transparent plastic container immersed in water. Simulation of visible optical rays passing 
through three transparent materials that differ in their composition shows good agreement 
with the suspected refraction artifacts observed in the OCT images. This gave better 
understanding of this effect and helped to put forward a procedure that allows one to 
correct for the resulting image distortion. Details of this work is due to he published in the 
Physics in Medicine and Biology journal and scheduled for December 2001 (Doran et al., 
2001). The simulation results were in good agreement with the observed images obtained 
from our OCT "Canncr. 
(a) (b) 
Figure 5-21: A reconstructed slice image of unirradiated gel sample put into an 
unsuitable container with a scratched wall which gives lots of unwanted refraction: (a) 
uncorrected slice image of, (b) correction scan performed on empty container was 
used to eliminate refraction artifactes due to optically imperfect vessel. 
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Refraction of optical rays leads to spatial as well as angular deflections and the 
distortion they cause increases with increasing distance between the exit point and the 
screen on which real shadow images are collected, figure 5-22. This conclusion was in 
accordance with the study on refraction process performed with laser beams (Gore et al., 
1996) and it was practically verified. This may explain the decrease in the later OCT 
images' resolution, despite these being obtained with a more advanced set-up, in 
comparison with our initial images which were made with the portable scanner. The point 
at which the light rays fall onto the container wall, the thickness of the wall and the 
distance between the beam exit point and the shadow screen all contribute to distortion 
effects. The position of the screen on which the shadow image is formed makes a big 
difference, affecting particularly the magnitude of the optical ray's deflection. 
Two different positions for the screen 
Matching solution 
Y, 
Y ., ý X0 
FXG gel '/ 'I 
ý" Container wall .' Sample -__ -' 
wobbling 
direction 
Figure 5-22: sketch showing the effects of refraction caused by the differences 
between the matching solution, sample container materials and the FXG gel; and also 
the effect of screen position on the OCT image qualities. 
A single frame shadow image of an unirradiated gel sample, figure 5-23, demonstrate 
the effects of imperfect matching between the three transparent media involved in this 
imaging method. Gel containers, which are usually made of plastic, play major role 
because of their relatively high refractive indices (PMMA: n =1.49, polystyrene PS: n= 
1.59 and Lucite: n=1.49) while the gel refractive index (FXG n=1.36 ± 0.02) does not 
differ much from water. This can be see clearly at the edges of the vessel and is supported 
by simulation work published recently (Doran et al., 2001). 
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Figure 5-23: Single projection image in which the effects of refraction caused by the 
container wall is very clear. 
4.4. Ring Artifacts 
As long as points in the projection images are always uniquely related to known light 
paths inside the scanned object, it possible in principle for the reconstruction program to 
cope with refracted beams. Indeed optical fan beam geometry has been considered as a 
possible way of increasing the system field of view with the same simple set-up and optical 
elements. To date parallel beam geometry has been employed to avoid as far as possible 
problems due to the different refractive indices of the various materials involved in this 
study, namely the walls of the tomography tank, the matching Solution, the gel sample 
container and the FXG gel detector itself. Small differences in their refractive indices cause 
refraction artifacts and more complicated algorithms would be required to correct for such 
effects. But even employing parallel beam imaging, the non-uniform sensitivity of the 
CCD detector gives rise to a ring structure that appears around the sample axis of rotation 
in the reconstructed images as can clearly be seen in figure 5-24. From experience with the 
X-ray micro-tomography scanner it was known that there are ring artifacts in that case too 
as a result of the non-uniform sensitivity of the detector elements in the CCD-camera 
inside the associated X-ray image intensifier. 
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Figure 5-24: (a) An open field tomographically reconstructed slice image of a 
uniform sample showing ring artifacts caused by the detector non-uniformity and (b) 
the same slice acquired after applying the sample wobbling correction technique 
The best solution to this problem for the X-ray system turned out to be to wobble the 
object under investigation. Between each projection the object is slightly but randomly 
translated perpendicular to the optical axis in the horizontal direction. The result is that 
data that previously was measured by one detector element is now averaged over several 
detector elements. The reconstruction program then lines up all projection images so that 
their centroids coincide before filtered back projection occurs. This technique virtually 
removes the ring artifact in the X-ray case. Since severe ring artifact appears at the optical 
system images as well, a solution to this problem had to he found. The wobbling technique 
was also used for this purpose in the OCT system by moving the tank containing the FXG 
sample across the beam in order to cast successive projection shadows onto different pixel 
elements in the CCD detector. In this case we have the alternative of' moving the CCD 
camera itself which is very small and light but the lack of the requisite linear translation 
bed has precluded this to date. Instead random translation movements of the sample tank 
perpendicular to the optical axis are made in the interval between acquiring successive 
projections in a sequence. Similar to the X-ray practice, projection data can he easily lined 
up before the back-projection process take place, hence optical data from each shadow 
image pixel is measured by different elements in the CCD detector. Wobbling the screen 
on which shadow projections are being collected also helps in obtaining heiter quality 
images because it will reduces the effect of screen granularity by recording the average 
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signal in all frames in each projection. Unequal sensitivity of the detector elements is the 
main cause for the low signal to noise ratio observed in these experiments. This goes back 
to the cheap of the shelf CCD camera employed for these measurements. Much better 
quality detectors are commercially available and will be required for future development of 
the system. 
4.5. CCD Detector Qualities and Limitations 
The performance of the CCD detector used in our experiments was investigated and 
its response to the three intense emission lines of the mercury lamp, which are in different 
regions of the visible part of the light spectrum, was found to be similar, see figure 5-25. 
This was done using band-pass filters that transmit one line at a time, which offers an 
advantage when considering using alternative wavelengths. Calibration of the CCD 
response to light intensity was done by placing a polarisation filter in front of the detector. 
This filter consists of two polarisation filters that can be rotated with respect to each other. 
Because the light from the mercury lamp is not polarised, the relation between the intensity 
in front of the filter lo and after the filter I is: 
I(9) =I io cos2(0) (5-36) 
Here 9 is the angle between the directions of the polarisation filters. Now the relative 
intensity can be defined as: 
1(6) I n, (B) =4 Cos 
2 (8) (5-37) 
I= 0 
So by measuring the pixel value for various values of 0, the relation between the pixel 
value and the relative intensity can be found. Once this relation is known, it is possible to 
convert every CCD output image into an image that represents the relative intensity. A 
forth order polynomial function was found to be able to describe the relationship between 
the CCD measured pixel value and the relative intensity of the visible light beam. 
The parallel beam of light passing through the tank casts a shadow of attenuating 
objects within it onto a translucent diffusing screen placed on the rear wall of the tank. 
This shadow projection image is focussed by a lens onto the CCD pixel array. By adjusting 
an iris aperture inside this lens assembly the brightest regions of the image are adjusted to 
give a pixel output reading of just below the maximum value of 1024 to give a dynamic 
range of about 1000: 1. 
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Figure 5-25: CCD detector response calibration for different beam intensities and at 
three-different wavelengths: 435 nm (blue), 546 nm (green) and 579 nm (yellow). 
The dark current noise distribution across the device was studied by capturing a dark 
field image made by signal averaging 100 frames, and a clear systematic pattern of vertical 
lines can be seen, figure 5-26. 
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(a) The CCD detector dark image. (c) Noise in a single row. 
Figure 5-26: CCD dark field image obtained by averaging 100 frames. It shows 
the detector's non-uniform dark current or noise and a few dead pixels. 
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These observations indicate that the CCD detector has very non-uniform pixel noise. Also 
some black spots were noticed always at the same pixel positions in each projection, which 
suggests that defects exist in the CCD array, This is a direct result of using low-cost 
components and hence it could be improved substantially by using a better quality CCD 
camera. 
The CCD detector is an analogue monochrome off the shelf CCD camera. The output 
signal from each pixel in the CCD is related to the intensity of light arriving at each pixel, 
which is converted by a PC card into a digital value between 0 minimum and 1024 
maximum. Computer software called Maxtor Intellicam (Maxtor Electronic Systems Ltd., 
Dorval, QC, Canada) has been used to achieve this aim and allows acquired data to be 
saved in DCF format (Digitise Configuration Format), which is then utilised by the optical 
tomography acquisition program (OPTO_ACQ). The resulting row data is fed into a 
reconstruction program that converts it into an image of the corresponding slice. With 
OPTO_ACQ a summing grab of a number of frames can be pre-set and the average signal 
calculated. This process will improve the signal to noise ratio to produce better quality 
images, however this should be optimised within the maximum time allowed for obtaining 
the images; in practice the number of frames averaged was 10 in the majority of OCT 
imaging experiments performed. 
When an open field image was acquired with the illuminating light beam on and no 
object in place, similar systematic fluctuations in the signal profile were found. These are 
partly due to column by column variations in pixel sensitivity but the granular structure of 
the diffuser screen also adds to the non-uniformity. Taken together these two effects give 
rise to the strong ring artifacts seen in the first OCT scans. Such constant systematic 
variations can in principle be removed by reference scans recorded with a uniform circular 
object in the scanner, but this would require very reproducible alignment between sample 
scans and correction scans which is impractical at the present time. However the ringing 
artifact has been suppressed to a large extent by the wobbling technique described earlier. 
4.6. Image Blurring Due to Diffusion 
The effect of diffusion was noticed in the early investigations to establish the MRI 
readout method with a ferrous sulphate gel detector for three-dimensional dosimetry. 
However, at the beginning, the problem was underestimated and adequate measurements 
was thought to be possible even several days after irradiation (Appleby et al., 1987). The 
blurring of the dose distribution images was found to be a serious drawback since it 
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became clear that ion diffusion though an open gel network takes place almost as freely as 
it would in water (Day, 1990). Considering the lengthy data acquisition time required to 
obtain 3-D MRI images and the importance of the accuracy for any protocol proposed for 
measuring radiation dose spatial distribution, more and more attention was paid to 
understanding the diffusion of ferric ions in gel materials. Research work focused on 
quantitative measurement of the diffusion rate and then trying to find solutions that 
eliminate this problem or at least slow it down to a tolerable level (Olsson et al., 1992), 
(Balcom et al., 1993) and (Balcom et al., 1995). On the other hand, theoretical approach 
was used to determine the diffusion coefficient of ions in gels by applying the finite 
element method in which the spatial variation of ion concentrations can be modelled 
(Harris et al., 1996). Until this time, which coincided with the start of this research 
program, no practical solution was found to the diffusion of ions in the ferrous sulphate gel 
dosimetry system, however much better understanding of the problem and its 
consequences was achieved. In the mid-nineties, the polymer gels were reported to be 
capable of measuring dose distribution in conjunction with MRI. The discovery of the 
polymer gel system and developments afterward was a direct result of the efforts made to 
find a stable 3-D dosimetry system free of any form of diffusion (Maryanski et al., 1993). 
The successes of polymer gels, however, have not caused the older Fricke gel dosemeter to 
vanish, or the research to improve the method to stop. Two separate routes were followed 
to solve the Fricke gel diffusion problem. The first was through modification of the gel 
constituents by adding a high molecular weight compound capable of holding the ferric 
ions. This technique was proposed in early 1990 (Day, 1990), but the right material that 
fulfils the physics and chemistry required to implement it was not available immediately. 
On a trial an error basis a number of chemicals called "chelators" were added to Fricke 
gels and the resulting dosemeters were evaluated (Rae et al, 1996). One of the most 
successful trial involved the addition of xylenol orange, which was found to slow down ion 
diffusion by about a half, at the expense of losing about 28% of its sensitivity. Details of 
this approach were also published by another research group working on the development 
of MRI based Fricke gel dosimetry (Pedersen et al., 1997). More recently, two new 
approaches using modified versions of Fricke gels to achieve a low diffusion rate have 
been reported. Polyvinyl-alcohol Fricke hydrogel and cryogel (PVA), which allow the use 
of both optical as well as MRI readout techniques, have very low diffusion rates while 
maintaining good system sensitivity (Chu et al., 2000). The second direction in the 
development of the Fricke gel method was to develop fast imaging techniques and hence 
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reduce the magnitude of the diffusion problem. Fast T1 imaging procedure was found to 
reduce MRI acquisition time and the addition of xylenol orange chelating agent was 
reported to slow down ion diffusion, however combining both technique does not solve the 
problem because of the significant reduction in the detector MRI sensitivity as a results to 
xylenol orange being added (Kron et at., 1997). FXG dosemeter compositions are similar 
to those used by Rae and Pedersen although the purpose of using xylenol orange is totally 
different in our case. However that should not change the diffusion behaviour of the ions in 
the gel that contains xylenol orange. We examined this behaviour applying both MRI and 
optical spectrophotometry techniques. Quantitative optical measurement were made by 
irradiating a slab of 1 cm thick FXG gel which was shielded with lead to define a1 cm 
wide uncovered strip before exposing the sample to X-rays. Optical density was repeatedly 
measured at closely spaced interval '1 mm steps' across this irradiated section. A plot of the 
sample optical density versus distance at different times after irradiation is shown in figure 
5-27. 
In a similar experiment, the sample was fixed so that the interrogating light beam fell 
on the interface between the irradiated and unirradiated sections of the 1 cm thick gel 
sample and the optical density value was automatically recorded every minute for about 75 
hours. As it can be seen in figure 5-28, apparently the diffusion occurs at tow different 
rates. In the first 24 hours much lower magnitude than in the 48-hour that follows. This 
may results from the gel structure and strength, which could be affected by the low pH 
environments. 
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Figure 5-27: Absorbance profile measured across a1 cm wide irradiated strip of FXG 
gel in a1 cm thick sample. 
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Figure 5-28: FXG measurements showing two diffusion phases; the slow rate phase 
in the first 24 hours is about 41 % of the fast rate observed in the following 48 hours. 
5. Conclusions 
An Optical Computed Tomography scanner has been successfully designed, built, 
characterised and used for three-dimensional dosimetry. The feasibility of applying this 
powerful practical and convenient method for the measurement of three-dimensional dose 
distributions in part of a phantom that contains radiochromic gels was investigated. In the 
FXG radiochromic gel detector ionising radiation causes changes in the visible light optical 
density, in other word the colour changes. Used in combination with a novel optical 
tomographic readout technique employing parallel broad beam geometry, which has been 
pioneered at Surrey, this should open the road for the establishment of a practical 3-D 
dosimetry system. Given the facts that OCT is a simple, safe, cost-effective, easy to 
construct and operate imaging method, it should be considered as a strong competitor to 
other candidates for 3-D dosimetry. Practical convenience has great deal of importance in 
making the whole 3-D dosimetry applicable in normal medical physics departments and 
small clinics. One of the most important characteristics of the OCT technique described in 
this work is its ability to map three-dimensional radiation dose distributions very rapidly 
which is a key requirement for validating complex irradiation procedures such as 
conformal radiotherapy. The use of a CCD array detector makes it possible to employ 
broad beam illumination that could cover the whole test phantom. All components required 
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to build the scanner were cheap and available and hence such a scanner can be dedicated 
for dosimetry measurements. This avoids difficulties in accessing the readout equipment as 
could arise when the MRI technique is employed, since MRI scanners are very expensive 
instruments which are heavily used for their main purpose, namely diagnostic applications. 
This work has demonstrated the feasibility and potential of the OCT method, but at 
the same time it revealed some difficulties and drawbacks. Some of these complications 
are intrinsic to the technique such as limitations of the detector material itself and problems 
associated with the containment vessel and readout hardware, but on the other hand lots of 
these hitches are related to the cheap components used and readily amenable to 
improvement. Also the software and programs utilised to control, acquire, reconstruct or 
visualise optical images can be further improved to reduce some artifact errors. There is 
still a need for more research as well as generous investment in the technique. Both the 
hardware used, particularly the CCD detector, and the software can be improved 
substantially to give even better 3-D dosimetry than most other techniques available at the 
present time. 
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Chapter 6 
CONCLUSIONS 
Experience with ferrous sulphate based gels and polymer gels has paved the way for 
the development of a more advanced radiochromic gel dosemeter. The work on polymer 
gels motivated the search for a safer, more convenient and practical 3-D dosimetry system. 
Ideally one would like to discover sensitive materials that respond to selected types of 
ionising radiation while at the same time being insensitive to other radiations, or to other 
factors such as temperature or time degradation. When it is possible to quantitatively and 
reliably measure optical changes induced by ionising radiation in certain materials, 
providing that the sensitivity and stability of the output readings are sufficient then such a 
medium would be a potential dosemeter. Ferrous-sulphate xylenol-orange gelatin gel is not 
that universal detector, but it can be a useful practical tool in certain applications such as 
three-dimensional dosimetry. 
The radiochromic FXG gel, which is highly transparent, soft tissue equivalent and 
easy to prepare, has been shown to possess many of the requirements for a successful 3-D 
dosemeter. A good understanding of the role of each individual constituent of the FXG 
material was achieved, which enabled its optimal composition for radiotherapy 
applications to be found. The behaviour of this material under different ambient conditions, 
as well as its important dosimetric attributes, was studied where it was practically possible. 
FXG suffers from the same ion diffusion problem as the conventional the Fricke gel but to 
a lesser degree, and the possibility of acquiring readout data quickly copes with this 
drawback to a large extent. One pronounced disadvantage of the FXG gel system, and 
generally any system depending on radiation induced chemical reactions, is its poor 
storage stability. Temperature and ambient light effects may cause problems since the 
optical extinction coefficient generally depends on these factors. However, if such factors 
can be controlled or taken into account, the FXG dosemeter could be utilised for many 
other dosimetric studies, and not only for 3-D applications. 
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The advantages of the FXG dosemeter together with that of the OCT readout 
technique make it a unique practical method for 3-D dosimetry explorations. If we bear in 
mind that these gel systems are closely soft tissue equivalent, and that the dose magnitudes 
used in radiotherapy lie within the dynamic range of the FXG, this is an obvious area of 
application for this material. Since it is fairly easy to modify the gel composition, the FXG 
system may be utilised to cover a wide dose range and a wide range of photon energies, 
and also for different types of radiation. Gels could also be produced to mimic in shape, 
size, or composition, any part of the body required for 3-D dose planning. These qualities 
demonstrate the flexibilty offered by this system for radiation dosimetry and for more 
general applications in radiation measurement. 
A novel readout technique, which is based on the radiation sensitive optical attributes 
of the FXG system was designed, built, characterised and employed for 3-D dose 
measurements. It uses a parallel beam of visible light for transmission tomography of 
irradiated FXG gel phantoms to obtain three-dimensional dose distribution images. This 
method can provide spatially resolved dose measurements that are not achievable by any 
other non-invasive means except MRI. The optical scanner can supply information about 
the dose distribution with a spatial resolution superior to that obtained with the MRI 
technique. Therefore it could be used successfully to map the complex 3-D dose 
distributions which are created in conformal radiotherapy and intensity modulated 
radiotherapy, and also in other treatment methods such as brachytherapy. Factors such as 
low availability, high cost and slow readout speed, prevent the MRI method from being 
commonly used for radiation dose distribution measurements. In contrast OCT is a 
convenient, relatively cheap and simple readout method, which yields high spatial 
resolution dose measurements throughout the entire dosemeter volume at a rate which 
minimises ion diffusion blurring. Depending on whether the irradiated dosemeter medium 
remains transparent or becomes translucent, broad beam or narrow beam illumination 
respectively can be used for 3-D gel dosimetry via the optical tomography readout method. 
Details such as the size of the phantom and the type of application also affect the choices 
to be made. 
When used in conjunction with the OCT readout method that has been described, the 
FXG dosemeter material developed during this study meets the objectives set out at the 
beginning. It would now be interesting to use it to simulate an internal organ of a realistic 
human body phantom forming the subject of a conformal radiotherapy trial. The irradiated 
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"organ" could then be removed to measure the pattern of dose; this can be compared to the 
predicted dose distribution to test its accuracy. 
Due to practical limitations this study has concentrated on the response of FXG to 
energetic photons in the form of X-rays and gamma-rays but where facilities are available 
it would be interesting to study the effects of other ionising radiations. Since FXG has a 
high water content it is also soft tissue equivalent for neutrons, and it is of particular 
interest to see if the radiation-induced colour response to fast neutrons is measurably 
different to that for gamma-rays. If so it might offer the prospect of a dosemeter which 
could measure the total dose equivalent in a mixed neutron-gamma field. 
Gel dosimetry has advanced dramatically in recent times as evidenced by the first 
two international conferences on this topic which have taken place since 1999. The ion 
diffusion problem is being countered by the advent of stiffer gels, and the practical 
difficulties with polymer gel preparation are being overcome by new formulations. The 
technique looks set to become a useful tool in medical physics departments, and its 
continuing rapid development is likely to find a role in other areas of radiation technology. 
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